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Abstract 

The high-temperature proton exchange membrane fuel cell (HT-PEMFC) is a promising 

alternative to low temperature PEMFC, due to its low demand for hydrogen purity, simple 

water management, and high waste heat utilization. However, HT-PEMFC based on 

phosphoric acid (PA)-doped polybenzimidazole (PBI) membrane still has problems such as 

insufficient mechanical strength under high PA doping level, insufficient proton conductivity, 

and phosphoric acid leaching. This thesis explores the influence of PA distribution and 

migration on HT-PEMFC, and the application of single layer graphene (SLG) and 

electrochemical exfoliated (functionalized) graphene oxide (GO) in HT-PEMFC. This work is 

the first to apply high-quality SLG to HT-PEMFC. The coverage of the SLG on the electrode 

surface and the impact of SLG on the performance and durability when loaded between 

membrane and electrodes at anode, cathode or both sides of the HT-PEMFC are tested. After 

nearly 70 hours of accelerated stress testing, the peak power density at 150 ℃ of the membrane 

electrode assembly with SLG on both sides, with SLG on anode, with SLG on cathode and no 

SLG was measured as 480 mW cm-2, 367 mW cm-2, 365 mW cm-2 and 249 mW cm-2, 

respectively. Moreover, through electrochemical characterization, X-ray micro-computed 

tomography (CT) and Raman spectroscopic mapping, this work proposes the mechanism by 

which monolayer graphene improves the performance and durability of high-temperature fuel 

cell by controlling its PA leaching and hydrogen crossover. Also, a reactor based on 3D printing 

was designed and manufactured to utilize natural graphite flakes as raw materials to synthesize 

GO with a reasonable oxygen content through one-step electrochemical exfoliation in a rapid 

and high-volume manner. Based on the established reactor-based one-step electrochemical 

exfoliation method to prepare GO, phosphonated (P)GO with a reasonable P content was 

prepared by using appropriate electrolytes. The as-prepared GO and PGO were doped in the 

PBI membranes to explore their effects on the mechanical properties of PBI, and the 



25 

 

performance and durability of HT-PEMFC. Compared with the pure PBI membrane, 0.5wt%, 

1wt% and 2wt% of GO doping increased the peak power density of HT-PEMFC at 150℃ by 

13.8%, 24.4% and 29.2%, respectively. The performance study of PGO adopts different PBI 

membrane material and preparation process from the GO study. The doping of 1.5wt% PGO 

in the PBI membrane increases the peak power density by 35.4%. The thesis is presented as a 

collection of four published or processing papers. 
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1. Introduction 

With the drive to phase out fossil fuels caused by the increasingly serious environmental 

pollution, the development and utilization of renewable or sustainable energy becomes more 

and more important [1]. Among the numerous renewable energy sources, hydrogen stands out 

for its versatility, efficiency, and cleanliness [2]. Among the applications of hydrogen, the 

importance of hydrogen fuel cells cannot be underestimated for the efficient recovery of 

electrical energy from the stored hydrogen. High-temperature proton exchange fuel cells (HT-

PEFC) based on phosphoric acid (PA)-doped polybenzimidazole (PBI) membranes have 

become a promising technology due to their reasonable proton conductivity, high tolerance to 

hydrogen impurity, thermal stability, and high utilization of waste heat [3][4]. Unlike low-

temperature fuel cells based on perfluorosulfonic acid (PFSA) polymers, HT-PEMFCs do not 

rely on water as a conductor for proton transfer, but instead on the hydrogen bond matrix 

established by PA and PBI. Therefore, opting for HT-PEMFC reduces or even eliminates the 

need for humidification. As a result, the proton conductivity of the PA-doped PBI membrane 

is closely related to the PA doping level in the PBI membrane. However, each PBI repeat unit 

can only be combined with two PA molecules, most PA is distributed in the PBI matrix in a 

free state. This often leads to leaching of a portion of PA from the membrane to the electrodes 

during cell operation [5][6]. Firstly, excessive leaching of PA affects the proton conductivity 

of the membrane as the electrolyte reservoir is reduced [5][7][8]. Secondly, Although a small 

amount of PA leaching into the catalyst layer helps to establish more gas, catalyst and 

phosphoric acid three-phase points, excessive phosphoric acid leaching will block the gas 

transfer in the gas diffusion layer and coat the catalyst layer to reduce the activation sites of the 

catalyst, resulting in an increase in mass transfer and charge transfer resistances, respectively 

[7]. 
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Graphene, as the first two-dimensional material isolated, has attracted worldwide attention for 

its excellent properties [9]. With its unique two-dimensional hexagonal structure, it has been 

shown to have a screening effect on atoms. Even the smallest atom, the hydrogen atom, can 

take billions of years to pass through the electron cloud gap of graphene at room temperature 

without the aid of atomic acceleration [10]. However, graphene has extremely low resistance 

to proton conduction [11]. Therefore, graphene is a promising barrier to prevent PA from 

leaching without significantly affecting the proton conductivity [11]. 

Graphene oxide (GO) is a 2D material containing graphene as a skeleton, functionalized with 

oxygen containing groups such as hydroxyl, carboxyl and carbonyl groups [12]. The abundant 

oxygen-containing functional groups on GO not only facilitate the dispersion of GO in water 

or organic solvents, but also facilitate its further functionalization such as sulfonation and 

phosphonation [13][14][15]. The doping of GO or functionalized GO in the HT-PEMFC 

membrane material can build an additional proton transfer channel by virtue of the hydrogen 

bond network established by its functional group with phosphoric acid or polymer, thus 

promoting proton hopping to improve proton conductivity [16][17][18][19][20][21]. In 

addition, GO or functionalized GO can act as a trap for phosphoric acid to prevent excessive 

leaching. Therefore, GO, which enables low-cost application of graphene-related materials, 

becomes an attractive material for improving the performance and durability of PA doped HT-

PEMFC [21][22]. However, the traditional GO preparation method based on chemical 

exfoliation requires a long time reaction under strong acid and strong oxidant, which may cause 

environmental and safety issues [23][24]. Therefore, exploring a clean, safe, efficient, and 

high-quality GO preparation method is important [24][25]. 
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1.1 Aims and Objectives 

Aimed at solving the adverse effects of phosphoric acid leaching and insufficient proton 

conductivity of PBI membrane in HT-PEMFC on performance and durability, this thesis 

focuses on exploring the application of single-layer graphene (SLG) and (functionalized) GO 

in HT-PEMFC and a new method of (functionalized) GO preparation. The specific objectives 

are as follows: 

• The application of Lab-based X-ray micro-computed tomography (CT) coupled with 

machine-learning segmentation to investigate phosphoric acid leaching in high-

temperature polymer electrolyte fuel cells. 

• Explore the effect of SLG load at different positions of HT-PEMFC on its performance, 

durability, and phosphoric acid leaching. 

• Design a reactor for electrochemical exfoliation using natural graphite flakes as raw 

material and characterizes its products under different conditions 

• Synthesis of functionalized GO by electrochemical exfoliation through using 

appropriate electrolyte and designed reactor. 

• Apply electrochemical exfoliated (functionalized) GO in HT-PEMFC to explore its 

effect on the performance and durability of HT-PEMFC. 

1.2 Thesis Outline 

The thesis is written and edited in the form of journal research papers. It is divided into 7 

chapters including introduction, methodology, published research papers or manuscripts 

submitted to journals, and finally, conclusions. 



32 

 

Chapter 1 provides an overview of HT-PEMFC, including working principles, materials, and 

development prospects. Then followed by the literature review on graphene and graphene oxide 

and their applications in HT-PEMFC. 

Chapter 2 summarizes the basic theory of the characterization methods of graphene (oxide) and 

the performance test methods of HT-PEMFC utilized in this thesis. The preparation of GO, the 

design of the reactor and the specific parameters of the characterization will be detailed in 

Chapter 3-6. 

Chapter 3 proposes the method of PA leaching investigation in HT-PEMFC through Lab-based 

X-ray micro-computed tomography combined with machine-learning segmentation. The 

distribution of the different components of the PBI membrane-based MEA at different stages 

of the life test or accelerated stress test (AST) is detected and quantified to explore the 

components migration during the operation of the HT-PEMFC. (J.J. Bailey, J. Chen, J. Hack, 

M. Perez-Page, S.M. Holmes, D.J.L. Brett, P.R. Shearing, Lab-based X-ray micro-computed 

tomography coupled with machine-learning segmentation to investigate phosphoric acid 

leaching in high-temperature polymer electrolyte fuel cells, Journal of Power Sources. 509 

(2021) 230347. https://doi.org/10.1016/J.JPOWSOUR.2021.230347.) 

Chapter 4 reports a method of loading SLG between electrodes and the membrane to control 

the leaching of phosphoric acid which affect the three-phase boundary. Combining the method 

proposed in Chapter 3 and the characterization of Raman spectroscopic mapping and cyclic 

voltammetry (CV), the influence of SLG on the performance and durability of HT-PEMFC is 

explored and its mechanism is explained. (J. Chen, M. Perez-Page, Z. Ji, Z. Zhang, Z. Guo, S. 

Holmes, one step electrochemical exfoliation of natural graphite flakes into graphene oxide for 

polybenzimidazole composite membranes giving enhanced performance in high temperature 
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fuel cells, Journal of Power Sources. 491 (2021) 229550. 

https://doi.org/10.1016/j.jpowsour.2021.229550.) 

Chapter 5 presents a fast, safe, and high-yield method of producing electrochemically 

exfoliated GO by designing and using a reactor based on 3D printing to use natural graphite 

flakes as raw materials without using strong acids and strong oxidants. The as-prepared 

graphene oxide was analyzed by Raman spectroscopy, Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM), Fourier-Transform Infrared Spectroscopy (FT-IR), 

X-ray photoelectron spectroscopy (XPS) and Thermogravimetric analysis (TGA). The 

electrochemical exfoliated GO was doped in the PBI membrane to improve the performance 

and durability of HT-PEMFC. Compared with the SLG used in the previous chapter, the 

graphene oxide obtained by electrochemical exfoliation has obvious cost advantages. (J. Chen, 

J.J. Bailey, L. Britnell, M. Perez-Page, M. Sahoo, Z. Zhang, A. Strudwick, J. Hack, Z. Guo, Z. 

Ji, P. Martin, D.J.L. Brett, P.R. Shearing, S.M. Holmes, The performance and durability of 

high-temperature proton exchange membrane fuel cells enhanced by single-layer graphene, 

Nano Energy. 93 (2022) 106829. https://doi.org/10.1016/J.NANOEN.2021.106829.) 

Chapter 6 based on the method established in Chapter 5, phosphonated (P)GO was further 

synthesized with different electrolytes. The effect of its doping in the PBI membrane on the 

performance and durability of HT-PEMFC was explored. (J. Chen, Z. Guo, M. Perez-Page, S. 

Holmes, Synthesis of Phosphonated Graphene Oxide by Electrochemical Exfoliation to 

Enhance the Performance and Durability of High-temperature Proton Exchange Membrane 

Fuel cells, (prepared)) 

Chapter 7 summarizes the conclusions drawn throughout the thesis and proposes expected 

future work related to the thesis. 
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1.3 High-temperature Proton Exchange Membrane Fuel Cells 

1.3.1 Overview of HT-PEMFC 

Unlike a heat engine such as internal combustion engines and turbines, the fuel cell converts 

the Gibbs free energy of the reaction between hydrogen and oxygen into electricity. This 

working mechanism of fuel cell determines that its efficiency is not limited by the Carnot cycle, 

so the working efficiency of hydrogen fuel cells is higher than heat engines [2]. Fuel cells have 

a big family. The properties of different fuel cells are shown in Table 1. 1. Compared with 

other fuel cells, PEMFC can produce higher power density, so it is more suitable for high-

power equipment, such as automotive, aerospace, building electricity [26]. PA is often used in 

combination with proton exchange membranes for HT-PEMFC, so phosphoric acid fuel cells 

can also be considered as a HT-PEMFC. 

Table 1. 1. Properties of different fuel cells 

Categories 
Mobile 

proton 

Operating 

temperature 
Application and notes 

Alkaline fuel cell 𝑂𝐻− 50-200℃ Space vehicles 

Proton exchange 

membrane fuel cell 
𝐻+ 30-200℃ 

Vehicles, mobile applications and lower 

CHP (combined heating and power) 

systems 

Direct methanol 

fuel cell 
𝐻+ 20-90℃ Portable electronic systems 

Phosphoric acid 

fuel cell 
𝐻+ ~220℃ 

Large numbers of 200-kW CHP systems 

in use 

Molten carbonate 

fuel cell 
𝐶𝑂3

2− ~640℃ Medium- to large-scale CHP systems 

Solid oxide fuel 

cell 
𝑂2− 500-1000℃ All size of CHP systems 
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The working principle and chemical reactions of the fuel cell are shown in Figure 1. 1. The 

typical hydrogen fuel cell consists of a cathode, an anode and a proton exchange membrane 

sandwiched between two electrodes. When a fuel cell is in operation, hydrogen is oxidized at 

the anode to form hydrogen ions and electrons, while oxygen is reduced at the cathode to form 

oxygen ions. Oxygen ions produced on the cathode react with electrons from the outer circuit 

and hydrogen ions from the proton exchange membrane (PEM) to produce water. This can be 

regarded as the basic principle of hydrogen fuel cells. As mentioned above, fuel cells covert 

Gibbs free energy into electricity power. The Gibbs free energy of the reaction between 

hydrogen and oxygen can be calculated by HhhhhEquation 1- 1 to Equation 1- 3. 

∆G = ∆H − T∆S                                                                                                                                          

HhhhhEquation 1- 1 

G: Gibbs free energy; H: enthalpy; T: temperature; S: entropy 

∆H = (h𝑓)
𝐻2𝑂

− (h𝑓)
𝐻2

−
1

2
(h𝑓)

𝑂2
      

Equation 1- 2                                                                                                       

h𝑓: the enthalpies of formation 

∆S = (s𝑓)
𝐻2𝑂

− (s𝑓)𝐻2
−

1

2
(s𝑓)

𝑂2
         

Equation 1- 3 

s𝑓: the entropies of formation 
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Figure 1. 1. The working principle of a  hydrogen fuel cell 

 

The proton exchange membrane which transports hydrogen protons from the anode to the 

cathode and prevents electrons, hydrogen and oxygen from passing through can be seen as the 

heart of PEM fuel cells. A large number of polymers have been studied for proton exchange 

membranes, most of which are developed based on PFSA polymers [27]. Nafion is the 

representative of the PFSA family. It is also the most developed and widely commercialized 

polymer for PEM fuel cells [27].  The chemical structure of Nafion is shown in Figure 1. 2. 

At the end of the side chain of the Nafion polymer is a highly hydrophilic SO3
−. Since the 

connection between H+and SO3
− is not strong, after hydration, H+ can detach from SO3

− and 

combine with surrounding water to form a dilute acid solution. This provides an excellent 

channel for the transport of hydrogen ions in the membrane. However, this also leads to a close 

relationship between the performance of Nafion and the degree of hydration. It also causes the 

Nafion -membrane-based hydrogen fuel cells to show a terrible performance when the 

temperature is higher than 80℃ due to dehydration. Therefore, the development of polymer 

suitable for the high-temperature environment as fuel cell membrane has become a priority. 

The benefits of the high-temperature environment for PEM fuel cells can be summarized as 

follows: 
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• Reduced need for purity of hydrogen, especially increased the tolerance for impurities 

such as carbon monoxide. HT-PEMFCs mostly use platinum-based catalysts. Carbon 

monoxide has strong adsorption on the platinum surface and thus easily blocks the 

hydrogen active sites on the catalyst surface. However, the industrial production of 

hydrogen is often accompanied by carbon monoxide impurities. The higher operating 

temperature can greatly reduce the adsorption of carbon monoxide by the catalyst and 

thus increase the tolerance of carbon monoxide concentration in hydrogen. 

• Since high-temperature fuel cells do not need water as a proton carrier, water 

management is almost unnecessary, although appropriate relative humidity is 

conducive to improving the performance of high-temperature fuel cells [28]. 

• Rapid cooling with available waste heat. A large ambient temperature difference can 

effectively reduce the heat exchanger area or the coolant flow rate of liquid cooling. In 

addition, the heat generated by the chemical reaction in the HT-PEMFC can be directly 

supplied for heating. 

 

Figure 1. 2. Chemical structure of typical Nafion polymer 

 

Take the single cell of PEMFC as an example, its structure usually consists of cell fixture and 

membrane-electrode-assembly (MEA). The cell fixture mainly provides mechanical support, 

sealing, gas transmission and electrical conduction. MEA is the core of PEMFC because it is 

the main site of electrochemical reactions and energy conversion. The components and 



38 

 

structure of MEA are shown in Figure 1. 3. The MEA consists of a cathode electrode, an anode 

electrode, and a proton exchange membrane in the middle in a sandwich structure. The 

components of the electrode are the gas diffusion layer (GDL), microporous layer (MPL), and 

catalyst layer (CL) from outside to inside. 

 

Figure 1. 3. The components and structure of MEA 

 

The manufacture of  (HT-)PEMFC requires consideration of gas transport and sealing. It is also 

necessary to ensure that the outer layer material has high electrical conductivity and that the 

inner layer material has good insulation to prevent short circuits. Further functions of these 

two-part are shown in Table 1. 2[29][30]. Therefore, the choice of plate material and gasket 

material is critical. Metal-based materials and graphite-based materials are two main polar plate 

materials. Metal-based materials have higher electronic conductivity and thermal conductivity. 

In addition, the high mechanical strength enables the fuel cell to have a small thickness and a 

more precise processing technology. However, the higher activity of metals makes their use in 

fuel cells limited by corrosion issues. Therefore, graphite composite electrodes with high 

corrosion resistance have emerged as required.  
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Table 1. 2. The function of polar plates and gasket 

Parts Polar plates Gasket 

Functions 

• Electron conduction • Prevent gas leakage 

• Overall heating and cooling of the 

fuel cell 

• Provides buffer for volume changes 

due to temperature changes 

• Uniform distribution of gas over 

the cathode or anode 

• Provide external mechanical 

support for the electrodes 

• Delivers moisture and directs the 

outflow of water 

 

• Mechanical support 
 

 

The GDL is the component between the polar plate and catalyst. The functions of GDL are 

infiltrating the gas into the CL from the polar plate, conducting electrons from the CL to the 

plates, heat transfer between the CL and the polar plates, and acting as a carrier for the CL to 

prevent the CL from penetrating into the channels of the polar plates [31]. Carbon paper (non-

woven) and carbon cloth (woven) are typical GDL materials [32]. The comparison of carbon 

paper and carbon cloth is shown in Table 1. 3[33]. The MPL can be seen as part of the gas 

diffusion layer. However, the MPL is extremely important, the MPL can provide good heat 

transfer to vapourise water at the same time, it also facilitates the diffusion of water to the 

catalyst. This facilitates the dynamic balance of water in the fuel cell and efficient 

transportation. The MPL has good electrical contact with the catalyst layer, which reduces 

ohmic losses and increases the stability of the fuel cell [34]. In addition, electrodes without 

microporous layer have more significantly catalyst and carbon corrosion issue [32]. Firstly, the 

good dredging of cathode-generated water by MPL can effectively reduce the corrosion of the 

carbon-based support of the catalyst [35]. Secondly, the support of CL by MPL also effectively 

alleviates the migration of CL into GDL and reduces the local thinning of CL. Finally, the 

intimate contact between MPL and CL can make the degradation of the catalyst more uniform 

at the microscopic level [36]. 
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Table 1. 3. The comparison of carbon paper and carbon cloth [33] 

Carbon cloth Carbon paper 

• Higher porosity • Improved distribution of reactants 

• More efficient water removal  • Lower density 

• Lower tortuosity • Lower thickness 

• Rough surface • Mitigating membrane dehydration 

• Dual pore size distribution  

 

CL plays an extremely important role in PEMFC since the activity of the catalyst directly 

affects the rate of hydrogen oxidation reaction (HOR) at the anode and oxygen reduction 

reaction (ORR) at the cathode [37]. Although a large number of studies have been carried out 

to synthesis inexpensive catalysts without precious metal or with low precious metal content, 

the catalysts currently used are mainly platinum and platinum alloys based. Thus, the catalyst 

accounts for almost 50% of the fuel cell cost [38]. A typical structure of CL for HT-PEMFC is 

shown in Figure 1. 4. Carbon (graphitized or non-graphitized) is the typical support material 

since carbon has a high surface area and high conductivity. There are some drawbacks for this 

Pt/C catalyst such as carbon corrosion, catalyst particle growth and catalyst dissolution. Carbon 

can react with water to produce carbon dioxide (Equation 1- 4). 

𝐶 + 2𝐻2𝑂 → 𝐶𝑂2 + 4𝐻+ + 4𝑒−                                                                                                                               

                                                                                                                                                                                  Equation 1- 4 

This carbon corrosion mostly occurs during the start-stop phase of the fuel cell. When the fuel 

cell is not operating, both the anode and cathode are exposed to air, and both are at an 

equilibrium potential of oxygen relative to the electrolyte potential. However, once the 

hydrogen reaches the anode catalyst, the potential difference between the cathode electrodes 

becomes greater than the equilibrium potential of oxygen. This high cathode interfacial 

potential difference can lead to oxygen evolution and carbon corrosion. Oxidation of carbon 

leads to a reduction in surface area, which affects the level of adhesion of the catalyst and leads 
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to a decrease in catalyst activity. There are two ways to mitigate carbon corrosion. One is to 

develop new support materials such as SnO2, TiO2, tungsten monocarbide and Calix[4]arene 

molecules [39][40][41]. Another method is to optimize the operating conditions, such as 

reducing the operating time of operations that are unfavourable for performance [42], 

controlling the potential [43]. 

 

Figure 1. 4. The typical structure of catalyst layer for high-temperature fuel cells [28] 

 

The binder which affects the mechanical properties of the catalyst layer, gas permeation and 

catalyst utilization plays an essential role. The type of binder is shown in Table 1. 4 while the 

performance of these binders is shown in Figure 1. 5 [4]. According to the performance of HT-

PEMFC based on different catalyst binders, Polytetrafluoroethylene (PTFE) has become one 

of the best choices. 

Table 1. 4. The type of binder for the catalyst layer [4] 

Binder Binder content solvent Post-treatment 

PTFE ~30 wt% Isopropanol 

（IPA）/H2O 

Sintered at 350℃ 

Nafion ~23 wt% IPA/H2O Oven drying 110℃ 

PBI ~16.7 wt% Dimethylacetamide 

（DMAc） 

Oven drying 170℃ 

Polyvinylidene 

difluoride (PVDF) 
~15 wt% DMAc Oven drying 170℃ 
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Figure 1. 5. Polarization curves (a) and power density curves (b) of PA-doped ABPBI fuel cell using GDEs prepared with 

different polymer binders [4] 

 

1.3.2 Polymers for HT-PEMFC 

Although an operation temperature of between 120℃ to 200 ℃ is not high in the engineering 

field, a lot of effort needs to be carried out for this improvement. Optimization and modification 

based on PFSA polymers can be seen as a solution to enable proton exchange membranes to 

function at high temperatures. Antonucci et al have developed a Nafion − SiO2  composite 

membrane, which improves Nafion’s water retention at high temperatures [44]. It takes the fuel 

cell working temperature up to 120 ℃. Stassi et al compared the performance of a short-side 

chain PFSA membrane called Aquivion𝑇𝑀 E79-03S with traditional Nafion membrane with 

the longer side chain [45]. They found that the short side chain Aquivion𝑇𝑀 membranes have 

better humidification, higher catalyst activity and better durability at high temperatures. This 

is due to its greater crystallinity [45]. A significant amount of research has been done to modify 

Nafion𝑇𝑀 membranes for higher temperature [46][47][48]. However, the amount of research 

on new high-temperature fuel cell membrane materials is limited. Some of the new polymers 

available for HT-PEMFC and their performance are shown in Table 1. 5. The chemical 

structures of these polymers are shown in Table 1. 6. 
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Table 1. 5. Polymers available for high-temperature fuel cells and their performance 

Membrane details 

(name, acid doping) 

Pt loading 

(anode/ 

cathode) 

Temperature 

(℃) 

Relevant 

Humidity 

（%） 

Conductivity 

（S cm−1） 
Citation 

Poly[2,2′-m-

(phenylene)-5,5′-

bibenzimidazole 

（PBI） 

(0.2mg Pt cm−2/0.4mg 

Pt cm−2) 
150 - 

 

0.1774 

[49] 

Sulfonated 

polyetheretherketones -

WC (SPEEK-WC) 

- 95 85 0.0002 [50] 

Sulfonated 

polyetheretherketones / 

(Imi-alt- 

chlorotrifluoroethylene) 

- 120 25-95 0.001-0.015 [51] 

Fluoren-containing 

Sulfonated polyimides 

(SPIs) 

- 120 100 1.67 [52] 

poly(arylene ether 

sulfone)-b-

polybenzimidazole 

copolymer 

- 200 0 0.045 [53] 

Polysulfones (PSU) 

gifted with 

Poly(vinylphosphonic 

acid) (PVPA) 

- 120 0 0.005 [54] 

Polysulfones (PSU) 

gifted with 

Poly(vinylphosphonic 

acid) (PVPA) 

- 120 100 0.098 [54] 
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Table 1. 6. The chemical structures of polymers for high-temperature fuel cells 

Name Chemical structure Citation 

PBI 

 

[49] 

SPEEK 

 

[50] 

SPI 

 

[52] 

SPSU 
 

[54] 

 

1.3.3 PBI Membrane for HT-PEMFC 

Among HT-PEMFC membrane materials, PBI attracts attention due to its good mechanical 

properties, high proton conductivity, no need for humidification and better durability [55][56]. 

There are mainly three commonly used chemical structures of PBI which are shown in Table 

1. 7. There are two kinds of solvents that can be used to dissolve the PBI polymer. 

Polyphosphoric acid (PA) is the solvent for the sol-gel transition method to prepare PBI 

membranes [57]. The membranes prepared by PA as the solvent are directly PA-doped 

membranes. For poly(2,5-benzimidazole) (AB-PBI) powder, methanesulfonic acid (MSA) can 

be utilized as the solvent as well. Traditional solvents for PBI powder are organic solvents such 

as N, N-dimethylformamide (DMF), N, N-dimethylacetamide (DMAc), N-methyl-2-

pyrrolidone (NMP), and dimethylsulfoxide (DMSO). The membrane can be prepared by 

evaporating these organic solvents (casting method) [58]. DMAc is the first choice for 
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poly[2,2-(m-phenylene)-5,5bibenzimidazole] (meta(m)-PBI) because of the optimum viscosity 

of the solution synthesized by both [59]. In order to increase the solubility of m-PBI in DMAc, 

it is usually refluxed at high temperatures and kept agitated. Para-PBI (p-PBI, Poly(2,2’-(p-

phenylene)5,5’-bibenzimidazole)) is the least soluble in the PBI family. This is due to the 

unique chain structure of p-PBI, which makes the polymers closely linked and thus has less 

free space [60]. LiCl is commonly used as a stabilizer to enhance the dissolution of all kinds 

of PBI, and this stabilizer also extends the shelf life of the solution, which benefits from the 

weakening of the inter-molecular van der Waals forces [61][62]. 

Table 1. 7. Chemical structure of different PBI polymer 

Name Chemical structure 

m-PBI 

 

p-PBI 

 

AB-PBI 

 

 

PBI transmits hydrogen protons in a different way from Nafion𝑇𝑀 membranes. Hydrogen ions 

can jump on the hydrogen bond network within PBI (Grotthuss mechanism). In this case, PBI 

should be doped with acid to establish a complete network of a hydrogen bonds. PA is one of 

the best choices due to its specific chemical and thermal properties. PBI itself does not have 

good proton conductivity, and its performance depends on the doping level of PA. In a way, 

PBI-membrane-based fuel cell is a kind of Phosphoric Acid fuel cell. The mechanism for 
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proton conduction of Nafion𝑇𝑀 -membrane-based low-temperature fuel cell and PBI-

membrane-based HT-PEMFC are shown in Figure 1. 6. 

 

 

Figure 1. 6. The mechanism for proton conduction of 𝑁𝑎𝑓𝑖𝑜𝑛𝑇𝑀-membrane-based low-temperature fuel cell (left) and PBI-

membrane-based high-temperature fuel cells (right) 

 

Because of this mechanism, there are some drawbacks to PA doped PBI membrane. Firstly, 

the PA can bleed out, especially when the temperature is lower than 100℃ because the PA can 

be dissolved in the water produced at the Cathode and decreasing doping (PA) level will cause 

lower proton conductivity. This redistribution of PA within the MEA results in two main 

problems, the reduction of the proton conductivity of the membrane and blocking of the 

pathway for the gases to and from catalytically active sites, resulting in an increase in both 

mass transfer and charge transfer resistances. The research of Yu et al indicates that the speed 

of PA leaching depends on temperature [63]. Cathode PA loss is the main factor in the MEA 

total PA loss rate. PA loss rates increased significantly when the temperature is below 100℃

or between 180 to190℃. The dynamic durability test (load, heat and power off-start cycle test) 

was carried out, and the consistency of PA loss rate with these key working conditions was 

observed. The combination of these high temperature and high load conditions (the cathode 
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produces a large amount of water) led to the introduction of a steaming mechanism for 

removing PA from the MEA [64]. In addition, phosphoric acid can cause damage to fuel cell 

materials. Üregen et al. took phosphoric acid leaching as the main problem in their research 

and this is also shown in Li et al. [21]. Oxidative degradation of PBI is another weakness of 

the PBI membrane. The degradation of the acid-doped-PBI membrane is initiated by the attack 

of hydroxyl radicals on the carbon atoms connecting the imidazole ring and the benzene ring, 

which finally leads to the opening of the imidazole ring. Chain breaking produces small 

molecules and end groups that are further oxidized by terminal oxidation [55]. Finally, 

hydrogen crossover is also a potential factor affecting the performance of high-temperature 

fuel cells. Chippar and Ju established a gas crossover model for a PBI-membrane -based fuel 

cell at a high temperature which theoretically proved that hydrogen crossover does have an 

effect on the performance of fuel cells, but they also show that the hydrogen crossover is not 

obvious between 150℃ and 180℃. The worst case is that a gas crossover will result in a power 

density loss of 0.2A cm−2at 180°C  [65]. In another experimental study, it was pointed out that 

local thinning of the membrane or pinhole formation in the membrane is a significant cause of 

a sharp increase in hydrogen exchange current. However, they believe that even after the 

lifetime test, the effect of hydrogen crossover on the fuel cell is still negligible [66].  

Recently, a large number of optimization schemes have been proposed for modifying PBI 

membranes. The main methods can be summarized into the following categories.  

• Add ionic liquid with higher conductivity to avoid degradation, such as 

(CsXH3−XPMo12O40 (CsPOMo), CsXH3−XPW12O40 (CsPOW), CsXH4−XSiMo12O40 

(CsSiOMo) and CsXH4−XSiW12O40 (CsSiOW)), Sn0.95Al0.05P2O7 (SAPO), Sb0.2Sn0.8P2O7 

[67][68][69].  
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• Add substances or groups with hygroscopic effects to enhance the retention of 

phosphoric acid to ensure the conductivity of the polymer. Such as silica and titanium 

dioxide  

• Add carbon-based materials to improve the chemical and thermodynamic properties of 

polymers and improve proton conductivity. Such as carbon nanotube, graphene, 

graphene oxide [70][71][72]. 

1.4 Graphene for PEMFC 

Graphene is a two-dimensional carbon nanomaterial composed of carbon atoms in hexagonal 

spheroidal lattices composed of 𝑠𝑝2/ hybrid orbitals [9]. The structure of graphene is shown in 

Figure 1. 7 a. This natural two-dimensional hexagonal structure of single-layer graphene acts 

as a sieve to block all atoms and molecules from passing through [73]. Hydrogen molecules as 

the smallest gas molecules require billions of years to pass through (at atmospheric pressure) 

the electron cloud formed by graphene which is shown in Figure 1. 7 b [74]. However, The 

selective permeability of graphene to hydrogen protons is quite different from the selective 

permeability to hydrogen. The interaction mechanism between hydrogen/ graphene and 

hydrogen protons/graphene is shown in Figure 1. 7 c. Through their different transfer 

mechanisms, the energy barrier of proton permeation is much smaller than the permeation 

energy barrier of hydrogen molecules, so protons have greater permeability [75]. Conductivity 

testing was performed by loading different 2D materials on a Nafion membrane with higher 

proton conductivity, the results of which are shown in Figure 1. 7 d. This further demonstrates 

that single-layer graphene has good proton conductivity [10]. It has been proven that this proton 

conductivity is related to temperature, and the relationship between temperature and proton 

conductivity is shown in Figure 1. 7 e. It is easy to see that in a high-temperature environment, 

the proton conductivity of single-layer graphene (SLG) increases with the increase of 

temperature, which lays a foundation for the application of single-layer graphene in high-
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temperature fuel cells. In order to apply SLG to a fuel cell, in addition to considering the action 

of the SLG and the membrane, the effect between the SLG and the catalyst, particularly 

platinum metal, should be also considered. The affinity between platinum metal and hydrogen 

may be a factor affecting the conductivity of SLG to protons. However, measurements of 

graphene and double-layered hBN films activated by Pt show that the transport of protons is 

hardly affected by the series resistance, which indicates that the conductivity of hydrogen is 

not hindered by the affinity of the catalyst [10]. Proton conductivity of 2D crystals decorated 

with catalytic nanoparticles is shown in Figure 1. 7 f. 
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Figure 1. 7. Structure and performance of graphene, (a) Chemical structure of graphene, (b) Electron cloud of graphene, (c) 

Interaction between hydrogen and graphene, (d) Conductivity of Nafion / 2D materials composite membrane, (e) The 

relationship between temperature and proton conductivity of 2D materials, (f) Proton conductivity of 2D crystals decorated 

with catalytic nanoparticles [10]. 

In addition to the proton conductivity of SLG, which is important in fuel cells, its thermal 

conductivity and electronic conductivity are also worth studying. The thermal conductivity of 

SLG is 4840W/mK to 5300W/mK at room temperature which is much higher than single-wall 

carbon nanotube (SW-CNT) and multiwall carbon nanotube (MW-CNT) (shown in Table 1. 

8) [76]. It can be seen that single-layer graphene is an excellent conductor of heat, which further 
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demonstrates that single-layer graphene is suitable for high-temperature fuel cells. However, 

graphene is a zero bandgap semiconductor or zero overlap metal [77]. Graphene can reach a 

million times the current density of copper [77]. In this case,  Single-layer graphene cannot be 

used as a proton exchange membrane alone or it will cause a short circuit between the cathode 

and the anode.  

Table 1. 8. Thermal conductivity of carbon-based materials at room temperature. 

Sample K(W/mK) Method Ref 

SLG 4840-5300 optical [76] 

MW-CNT 3000 electrical [78] 

SW-CNT 3500 electrical [79] 

SW-CNT 1750-5800 thermocouples [80] 

 

There are several methods for graphene single layer preparation, such as the chemical vapour 

deposition (CVD) method, mechanical exfoliation and chemical exfoliation [81][70][82]. The 

comparison of cost and quality of some methods is shown in Figure 1. 8 and further properties 

of single-layer graphene obtained from different methods are shown in Table 1. 9. As can be 

seen from Figure 1. 8 and Table 1. 9, the CVD method has lower cost and better product 

performance. Therefore, CVD is one of the most suitable methods for the commercialization 

of single-layer graphene.  
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Figure 1. 8. The comparison of price and quality of methods for single layer graphene preparation [83] 

Table 1. 9. Properties of single-layer graphene with different preparation methods 

Method Sample size (µm) Crystallite size (µm) 

Charge carrier 

mobility 

(𝒄𝒎𝟐 𝑽−𝟏𝒔−𝟏) 

CVD ~1000 1000  

Mechanical 

exfoliation 

>1 >1000 
> 2 × 105 𝑎𝑛𝑑 > 106 

(at low temperature) 

Chemical 

exfoliation 

Infinite as a layer of 

overlapping flakes 

≤0.1 

100 (for a layer of 

overlapping flakes) 

Chemical 

exfoliation via 

graphene oxide 

Infinite as a layer of 

overlapping flakes 

~100 

1 (for a layer of 

overlapping flakes) 

SiC epitaxial 

growth 

100 50 10000 
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CVD is a method for producing large-scale SLG crystallites [84]. This method is to grow the 

graphene on the surface of a metal plate by passing a hydrocarbon gas (methane) over a high-

temperature metal plate [85][86]. Nickel and copper and their alloys are the most commonly 

used metal plate materials. The advantage of this method is that it can obtain graphene with a 

large area as well as less disorder and defect. However, difficulty in controlling graphene 

thickness and using expensive substrates for growth are stumbling blocks that limit the 

commercialization of CVD graphene [87].  

1.5 Graphene Oxide for PEMFC 

1.5.1 Properties, Preparation and Application of Graphene Oxide 

As mentioned above, graphene exhibits many excellent properties, but its cost limits its wide 

range of applications. Graphene oxide (GO) is a material similar to graphene for low-cost 

applications [88]. It is a 2D material containing graphene as a skeleton and containing oxidized 

functional groups [89]. The structure of the typical GO is shown in Figure 1. 9. Although 

graphene oxide is a derivative of graphene, its properties are quite different from those of 

graphene. Due to the introduction of oxidative functional groups, the integrity of sp2 

hybridization is disrupted, and part of the sp2 hybridization is converted to sp3 hybridization 

[90]. The introduction of these oxidizing functional groups and the formation of these sp3 

hybrids destroy the electronic structure of graphene, resulting in a significant decrease in 

conductivity (GO can be considered as an insulator). Partial oxidation of functional groups or 

sp3  hybridization can be considered as defects. However, due to these defects, the 

hydrophilicity of GO is increased so that it can be dispersible in water. Functionalization of 

these groups also make GO useful for certain applications. The main applications of GO are 

chemical sensors, energy harvesting and storage, GO membrane for molecular separation, GO‐

based composite materials, toxicity studies and biomedical applications of GO and catalysis  
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[9][91][92][93]. Since GO exhibits the characteristics of the P-type semiconductor after 

thermal treatment, it is sensitive to strong oxidizer such as NO2 thus is suitable for acting as a 

relevant sensor [94]. As a typical transparent electrode material for the most promising energy 

harvesting equipment solar cells, indium tin oxide (ITO) has the disadvantages of high cost, 

poor mechanical properties, high-temperature resistance and acid resistance[95]. GO is 

expected to replace ITO due to its low cost, high electron mobility, and broad absorption 

spectrum. In addition, GO can act as electron acceptor, transparent layer, and hole conductor 

for various components of dye-sensitized solar cells [96]. Graphene-related materials have a 

wide range of applications in lithium-ion batteries, especially electrode materials, due to their 

high thermal conductivity, chemical stability, and high specific area [97][98][99]. The edges 

and defects of GO can provide additional lithium-ion storage sites, which can effectively 

increase the battery capacity [100][101]. Since the unique chemical structure of GO can hinder 

the permeation of almost all atoms, the permeation of atoms or molecules can be effectively 

selected by drilling holes of different sizes in the GO plane. Therefore, GO has become an 

excellent choice for selectively permeable membranes [102]. As a carbon-rich material, GO's 

abundant oxygen-containing functional groups make it have good dispersibility in neutral 

liquids, so that it can interact with bio activators and biomolecules to a certain extent. In 

addition, GO has good cell membrane permeability and low toxicity, which lays the foundation 

for the application of GO in biomedicine [103][104]. 
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Figure 1. 9. Chemical structure of GO 

 

Traditional GO preparation methods mainly include Brodie’s method, Staudenmaier’s method 

and the Hummers’ method [105][23]. These methods are based on chemical oxidation of 

graphite flakes using strong oxidants in strong acid solutions. The first two methods require 

long-term oxidation cycles, while the Hummers’ method is the most effective and 

commercially viable method of the three. However, Hummers’ method still requires the use of 

strong oxidants, which can cause environmental pollution and lead to defects in the GO that 

cannot be repaired [106][107]. Therefore, electrochemical exfoliation has attracted more and 

more attention with its environmental benefits and low price. A schematic diagram of 

electrochemical exfoliation is shown in Figure 1. 10 (using sulphuric acid as an electrolyte). 

The general mechanism of this process can be summarized as follows: the bias voltage between 

the positive and negative electrodes causes the anions and cations in the electrolyte to move to 

the anode and cathode, respectively, and the hydroxide attacks the edge of the graphite to 

expand it. Other anions and oxygen are intercalated between the layers of graphite, causing 

their further expansion to eventually separate the layers. Graphite and related materials are 

commonly used as the anode (the source of the GO), the types of these anode materials are 

shown in Table 1. 10. 
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Figure 1. 10. The schematic diagram of electrochemical exfoliation [108]. 

 

Table 1. 10. Graphite related materials for electrochemical exfoliation. 

Name Method of Manufacture Cite 

Natural graphite 

flakes 

Natural [109][110] 

Graphite foil High-purity natural graphite foil is used as raw 

material for specific acid treatment and heat 

treatment to form expanded graphite. Expanded 

graphite is mechanically rolled and made into 

graphite foil without the aid of adhesives. 

[24][111] 

[112] 

Graphite pellet Pressing graphite flakes under a pressure of 100 bar 

without binder 

[113] 

Graphite rod Connect electrodes to the pressure apparatus, 

allowing it to be "flash-heated" by passing a high 

pulse of electric current through it in a few 

milliseconds at 3500K and 12 GPa.  

[114] 

Highly oriented 

pyrolytic graphite 

(HOPG) 

The process for making HOPG is similar to that for 

making pyrolytic graphite, but with more tensile 

stress in the basal plane. 

[67][110]  

 

 

As can be seen from Table 1. 10, the graphite electrodes used for electrochemical exfoliation, 

except for natural graphene flakes, are obtained by using processes such as chemical, 
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thermodynamic, and mechanical compression. These processes may result in physical or 

chemical changes that alter their original properties or structure. One of the reasons why 

graphite flakes are replaced by graphite foil or graphite rods, or the like is because graphite 

flakes have a small particle size (usually less than -10 mesh (2mm)). Such a small area is not 

conducive to the large-scale reaction as an electrode. Some solutions are mentioned in the 

literature. Gurzęda et al. mounted the graphite flakes in a platinum mesh to turn the graphite 

flakes into an external circuit. There are 120 holes per inch on the platinum mesh for ions to 

enter [109]. Yu et al. designed a reactor as shown in Figure 1. 11. Mixed metal oxide (MMO) 

coated titanium mesh is used to apply the circuit. The materials used in these metal-based 

meshes are inert metals that are not electrolyzed and require high electrical conductivity. 

However, these metals are more conductive than graphite, which makes the oxidation reaction 

of the anion at the anode more likely to occur on the metal surface than on the graphite surface 

or inside the graphite. This increases the electrical losses and makes power consumption 

extremely large during the manufacturing process. In addition, the platinum mesh or the 

titanium mesh is expensive and easily damaged during the reaction, which increases the cost. 

 

 

Figure 1. 11. Schematic drawing of the mechanically assisted electrochemical exfoliation setup [15] 
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In fact, there are many types of graphite, and their classification is shown in Figure 1. 12. In 

the macroscopically crystallized graphite, in addition to graphite flakes, there is vein graphite 

[115]. Electrochemical exfoliation with vein graphite is extremely rare. Rathnayake et al. 

prepared oxide graphene by chemical oxidation using needle platy natural vein graphite. They 

have obtained high-quality products and proved the technical and economic feasibility of using 

vein graphite as a raw material for the preparation of graphene oxide [116]. 

 

 

Figure 1. 12. Classification of graphite [115] 

 

In summary, how to effectively use natural graphite for electrochemical exfoliation has not 

been best solved. Whether the products obtained by electrochemical exfoliation using different 

graphite materials are different has not been studied. Whether the graphite rods, graphite sheets 

and the like obtained by manual processing will affect the exfoliation due to acid treatment or 

high-pressure compression remains to be explored. This project focuses on solving these 

problems through experimental methods and measurement. 

1.5.2 Application of Graphene Oxide in PEMFCs. 

GO is widely applied in PEMFC especially in proton exchange membranes and catalysts. The 

application of GO in proton exchange membranes can be roughly classified into two categories 

which are free-standing GO based PEMs and GO based nano-hybrid PEM’s. The GO paper 

formed after the GO dispersion is filtered can be directly used as the proton exchange 
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membrane of Direct Methanol Fuel Cells [117]. Although the oxygen-containing functional 

groups on GO and the hydrogen bonds inside GO paper provide abundant proton transport 

channels, GO paper as an independent PEM performs poorly in DMFC. Ravikumar and Scott 

applied mechanically stable, freestanding sulphonated GO paper as the low-temperature 

PEMFC membrane and obtained reasonable performance [118]. Gao et al proposed the use of 

Nafion-ozonated GO-Nafion sandwich membranes to improve the durability of low-

temperature PEMFC [119]. Although free-standing GO paper as a proton exchange membrane 

exhibits reasonable performance in DMFC and low-temperature PEMFC, its power density in 

fuel cells is still insufficient compared to traditional polymers. Therefore, composite 

membranes based on GO and polymers have attracted more attention. The most direct benefit 

brought by the doping of GO in the low-temperature PFMFC based on Nafion membrane is to 

increase the hydrophilicity of the composite membrane to promote its hydration and increase 

the proton conductivity [120]. The doping of GO in HT-PEMFC based on PA doping facilitates 

hopping of protons on external surfaces and establishment of three-dimensional proton transfer 

channels to improve conductivity and has a trapping effect on PA to prevent its leaching [21]. 

Recently, functionalized GO, especially acid-functionalized GO, has attracted much attention 

in HT-PEMFC field because of its better compatibility with polymers, better promotion of 

proton conduction, better mechanical properties, and stability [16,19,19,121,122]. In addition, 

GO is also regarded as an excellent choice as a catalyst support material due to its large specific 

surface area, abundant active sites, and high conductivity after reduction [123]. 

1.6 Strategies 

The strategies of the thesis framework is shown in Figure 1. 13. Chapter 3 presented a method 

for evaluating the migration of phosphoric acid (PA) and catalyst within the membrane-

electrode-assambly (MEA) of high-temperature proton exchange membrane fuel cells (HT-

PEMFC) using a Lab-based X-ray Micro-computed tomography (CT)  method. After 
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processing the XTM data, a preliminary understanding of the time-dependent migration of PA 

and catalyst was obtained in HT-PEMFC under accelerated stress test condition. This approach 

lays the foundation for the effect of new materials on the migration of PA and catalysts within 

HT-PEMFCs. Chapter 4 will explore the effect of single-layer graphene on the performance 

and durability of HT-PEMFC and propose the mechanism based on the method established in 

Chapter 3. Chapter 4 demonstrates the effectiveness of single-layer graphene (SLG) in 

enhancing the performance and durability of high-temperature proton exchange membrane fuel 

cells. However, SLG prepared by the chemical vapour deposition (CVD) method has 

disadvantages such as high cost and enviromental impact. In addition, it is difficult to control 

the coverage of SLG on the electrodes surface using wet chemical transfer method. Chapter 5 

aims to exploit graphene-related materials in HT-PEMFCs more cheaply, conveniently and 

efficiently to improve their performance and durability. The work in chapter 5 realized the 

rapid, efficient and high-yield preparation of graphene oxide (GO) with a certain degree of 

oxidation using natural graphite flakes as raw materials and electrochemical exfoliation 

through the design of reactor. With aboundent oxygen-contating functional groups, GO can 

facilitate the hopping of protons and acts as a trap to stop the phosphoric acid excively leaching. 

Compared with the original hydroxyl, carboxyl and carbonyl groups of GO, GO functionalized 

with acid functional groups, especially phosphonated functional groups, could more effectively 

improve the proton conductivity of the membrane in high-temperature proton exchange 

membrane fuel cells. Chapter 6 will further explore the use of electrochemical exfoliation to 

prepare phosphonated graphene oxide based on the reactor designed in Chatper 5 and test its 

doping in polybenzimidazole membranes on the performance and durability of high-

temperature proton exchange membrane fuel cells. 



61 

 

 

Figure 1. 13. The strategies of the thesis framework 

 

To sum up, this thesis will focus on exploring the effect of PA leaching on the performance 

and durability of HT-PEMFC and then study the effect of graphene and graphene oxide in HT-

PEMFC. SLG synthesized by CVD methode will be transferred in the MEA between 

membrane and electrode and reactor based electrochemical exfoliated (functionalized) 



62 

 

graphene oxide will be doped in PBI membrane to improve the proton conductivity or slowing 

the PA leaching and then improve the performance and durability of HT-PEMFC. 
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2. Methods 

This chapter mainly introduces the technical means and their principles used in this thesis to 

characterize graphene (oxide) and PBI (composite) membranes and the method of HT-PEMFC 

performance testing. The specific parameters and conditions used for the various methods are 

described in Chapters 3 to 6. 

2.1 Characterization of Graphene and Graphene Oxide 

2.1.1 Raman Spectroscopy of Graphene and Graphene Oxide 

Raman spectroscopy is a useful technique for observing the crystal structure of graphene and 

graphene oxide. Depending on the interaction of light and matter, different materials can cause 

different displacements in the excitation wavelength [1]. This excitation wavelength interacts 

primarily with the polarizable electron cloud, so some polarized impurities such as water do 

not substantially affect the spectrum. In addition, Raman spectroscopy is a non-destructive 

characterization technique, which provides great convenience for the study of the properties of 

graphene and graphene oxide [2]. 

The main peaks of graphite related materials are D peak (about 1340 cm−1), G peak (about 

1580 cm−1) and 2D peak (about 2700 cm−1) which are defect-related peak, sp2 carbon peak 

and few-layer graphene characteristic related peak, respectively [3]. Raman spectroscopy is a 

versatile tool for studying the properties of graphene since it can provide information including 

the number of layers, stacking order, defect caused by functional groups or disorder, edge types 

and qualities, strain, and stress.  

The pristine graphite and graphene are only composed of sp2 hybridized carbon structures; thus, 

they do not contain defective related D peak. However, graphite and graphene can be identified 

by the relationship between the G peak and the 2D peak. The typical Raman spectra of graphite 

and SLG are shown in Figure 2. 1[4]. Compared with graphite, the difference in the 2D peaks 
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of graphene makes the Raman spectrum of graphene unique. The 2D peak of graphite, which 

is the second-order overtone of D peak, can be fitted to two broad peaks while the 2D peak of 

graphene can be fitted to one sharp peak. In addition, with the increase in the number of 

graphene layers, the 2D peak is accompanied by a certain blue shift and broadening. The 

increase in the G peak intensity compared to the increase in the 2D peak has a certain linear 

relationship with the increase in the number of graphene layers. The Raman spectra of graphene 

with different layers and curve fitted enlarged 2D peaks are shown in Figure 2. 2 a and b, 

respectively. As the peak related to sp2 carbon, the intensity of the G peak compared to the 2D 

peak increases as the number of graphene layers increases. This is largely due to the increase 

in the graphite content caused by the increase in the number of graphene layers [4]. As for the 

broadening of the 2D peak, it is related to the distribution of π electrons [5].  

 

Figure 2. 1. Raman spectra of graphite and SLG at excitation wavelength of 514 nm[4] . 
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Figure 2. 2. (a)The Raman spectra of graphene with different layers and (b) curve fitted 2D peaks on SiO2/Si substrate at the 

excitation wavelength of 532nm [6]. 

GO can be considered as graphene with defects or functionalized graphene. The Raman 

spectrum of GO can be considered to add defects to the graphene Raman spectrum. As 

mentioned above, D peak is the defect-activated peak that is donated by structural defects or 

disorders of the carbon network [7]. For GO, defects can also be caused by the partial carbon 

conversion from sp2  hybridization to sp3  hybridization due to the addition of oxygen-

containing functional groups. By comparing the ratio of the intensity of the D peak to the 

intensity of the G peak (𝐼𝐷/𝐼𝐺 ), the number of defects (or equivalently, mean interdefect 

distance, LD) per area can be quantified. In addition to being related to LD, 𝐼𝐷/𝐼𝐺 also depends 

on the energy and wavelength of the laser. The relationship between LD, ID/IG, laser energy and 

laser wavelength are shown in Figure 2. 3. The generalized correlation between LD, laser 

energy (EL) and laser wavelength (λL) can also be expressed by Equation 2- 1 and Equation 

2- 2 

𝐿𝐷
2  (𝑛𝑚2) =

(4.3 ±1.3)×103

𝐸𝐿
4  (

𝐼𝐷

𝐼𝐺
)−1                                                                                                                            

Equation 2- 1                                                                                                                                                                                    

𝐿𝐷
2  (𝑛𝑚2) = (1.8 ± 0.5) × 10−9𝜆𝐿

4 (
𝐼𝐷

𝐼𝐺
)−1         

Equation 2- 2                                                                                                                                                                                                                                                    
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The typical Raman spectra of graphite, GO and reduced GO are shown in Figure 2. 4. As 

mentioned above, a larger 𝐼𝐷/𝐼𝐺 indicates a smaller LD, that is, more defects, which can be 

related to the degree of functionalization of GO. However, the 𝐼𝐷/𝐼𝐺 value or defect degree of 

the GO Raman spectrum does not only depend on the level of functionalization. It may also be 

affected by the permanent hole [8], and large edges caused by the small size of graphitic 

domains [9]. Therefore, only relying on Raman spectroscopy to judge the degree of 

functionalization of GO lacks rigour, and it needs to be further evaluated with other 

characterizations. 

 

Figure 2. 3. The relationship between LD, ID/IG, laser energy and laser wavelength [7]. 
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Figure 2. 4. Typical Raman spectra of graphite, graphene oxide and reduced graphene oxide [10]. 

2.1.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

In addition to Raman, infrared is another method to obtain molecular vibration information 

[11]. The absorbance (A) and transmittance (T) at the given IR wavenumber can be calculated 

through Equation 2- 3 and Equation 2- 4, respectively. 

𝐴 = 𝑙𝑜𝑔 (
𝐼0

𝐼
) = 𝑎𝑏𝑐              

Equation 2- 3                                                                                                                           

𝑇 =
𝐼

𝐼0
               

                          Equation 2- 4                                                                                                                                  

𝐼0: intensity of the entering radiation 

𝐼: intensity of the transmitted light 

a: absorptivity 

b: cell thickness 

c: concentration 
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FT-IR is different from how Raman's photon energy is transferred to molecules, so the 

information it extracts can express different characteristics. Although FT-IR cannot judge the 

number of layers of GO or the degree of functionalization through the comparison of its peak 

intensity, it can qualitatively determine the types of functional groups. Therefore, FT-IR has 

become an essential tool for the characterization of GO components [12]. Typical FT-IR 

absorbance spectra of GO with the different number of layers are shown in Figure 2. 5. The 

regions α, β, and γ are the infrared frequencies where the chemical species overlap [13]. In 

different works, the summary of the wavelength area of different chemical bonds may be 

slightly different. The infrared wavelength corresponding to different chemical bonds can also 

refer to in Table 2. 1. 

 

Figure 2. 5. Typical FT-IR absorbance spectrum of GO. (a) single layer, (b) 3 layers and (c) multi layers [13]. 



87 

 

 

Table 2. 1. The infrared wavelength corresponds to different chemical bonds [14]. 

Chemical bonding Wavenumber (cm-1) 

C=C 1,500-1,600 

hydroxyls 3,050–3,800 

carboxyls 1,650–1,750 

carbonyls 1,750–1,850 

epoxides 1,000–1,280 

 

2.1.3 X-ray Photoelectron Spectroscopy (XPS) 

Relying on the photoelectric effect, XPS can effectively determine the elemental composition 

and state of the material surface, as well as the density of different electronic states. Therefore, 

XPS can be used as a powerful means to detect and quantify GO elements and functional groups 

[15]. The binding energy (𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔) of specific material surface can be calculated through 

photoelectric effect equation (Equation 2- 5) [16]. 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 +  ∅)                         

Equation 2- 5                                                                                                 

𝐸𝑝ℎ𝑜𝑡𝑜𝑛: X-ray photons energy 

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐: Kinetic energy of the electron 

∅: instrumental correction factor 

The XPS analysis of GO usually utilizes a survey scan to explore the element composition, 

especially the C/O ratio or O/C ratio, and then study the functional group composition through 

the deconvolution of the high-resolution XPS spectra of the C 1s and the O 1s. The typical XPS 
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survey spectra of graphite and graphene prepared by ultrasonication are shown in Figure 2. 6 

a. Both graphite and GO contain carbon and oxygen. However, due to the functionalization of 

GO, the oxygen content of GO is significantly higher, and a higher oxygen content indicates a 

higher level of functionalization. As shown in Figure 2. 6 b and c, the XPS C 1s spectra of 

graphite and GO also show significant differences. The XPS high-resolution spectra of these 

elements can be deconvoluted based on the parameters shown in Table 2. 2. The C in graphite 

is mainly sp2 hybridized C-C. As shown in Figure 2. 6 c and d, the oxygen-containing 

functional groups in GO are dominated by hydroxyl groups since carbonyl and carboxyl groups 

are further oxidized on the basis of hydroxyl groups. 

 

 

Figure 2. 6. XPS survey spectra and high-resolution elemental spectra. (a) survey spectra of graphite and graphene oxide, (b) 

C 1s spectra of graphite, (c) C 1s spectra of graphene oxide, (d) O 1s spectra of graphene oxide [15]. 
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Table 2. 2. Parameters for deconvolution of XPS C 1s and O 1s spectra 

Peaks Groups Binding energy (eV) 

C 1s 

C─C ~284.8 

C─O 286.8~287.0 

C=O 287.7~288.3 

O─C=O 289.1~289.7 

π- π* Satellite 290.9~292.5 

O 1s 

O─C=O 530.9~531.5 

C=O 531.7~532.4 

C─OH 533.0~533.3 

C─O─C 533.3~534.1 

2.2 Characterization of PBI Membrane 

As a matrix loaded with PA to provide a proton transfer channel, the proton conductivity of the 

PBI membrane plays an important role. However, the mechanical properties of the PBI 

membrane at high acid doping level (ADL) and the ability to block hydrogen are the 

preconditions for the effectiveness of PBI in HT-PEMFC. The following sections will 

introduce tensile testing and linear sweep voltammetry (LSV) of PBI membrane to characterize 

the above properties. 

2.2.1 Tensile Stress and Strain 

Tensile testing is performed by plotting stress-strain curves according to the relationship 

between force and elongation in the process of the stretch of the membrane. The typical stress-

strain curve of the PBI membrane is shown in Figure 2. 7. The stress (𝜎𝐸) and strain (𝜀𝑆) in 

Figure 2. 7 are defined by Equation 2- 6 and Equation 2- 7, respectively. 

𝜎𝐸[𝑀𝑃𝑎] = 𝐹/(𝑤0 × 𝑑0)                                                                                                                                         

Equation 2- 6 

F: axial force 
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𝑤0: width of membrane 

𝑑0: thickness of membrane 

𝜀𝑆[𝑚𝑚/𝑚𝑚] = (𝐿 − 𝐿0)/𝐿0                                                                                                                                       

Equation 2- 7 

L: length after stretch 

𝐿0: initial length 

The information available from the curve and its meaning are shown in Table 2. 3. The Young 

modulus is calculated from the slope of the initial linear stage of the curve.  In addition to being 

affected by the mechanical properties and ADL of the PBI itself, tensile testing is also affected 

by temperature and humidity [17].     

 

 

Figure 2. 7. Typical stress-strain curve of PBI membrane [17]. 
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Table 2. 3. Information from the stress-strain curve 

Parameters Meaning 

Tensile strength Stress when elastic deformation becomes 

permanent 

Young modulus The tensile capacity of the material within 

the elastic limit 

Proportional limit stress Stress when linear deformation becomes 

plastic deformation 

Proportional limit strain Stress when linear deformation becomes 

plastic deformation 

Elongation at break -- 

 

2.2.2 Linear Sweep Voltammetry (LSV) 

The crossover of hydrogen from the anode to the cathode through the membrane not only 

reduces the supply of electrons to the external circuit but also consumes oxygen at the cathode, 

which reduces the power available for the external circuit. The most intuitive impact of 

hydrogen crossover is to cause a significant reduction in open-circuit voltage (OCV). By 

creating a restricted mass transfer environment at the cathode, usually by feeding with pure 

nitrogen, and performing a linear sweep of the oxidation potential of the hydrogen on the 

cathode, the hydrogen crossover and internal short circuit can be evaluated. The typical LSV 

curve of PBI-membrane-based HT-PEMFC performed at 160 ℃ is shown in Figure 2. 8. The 

liner sweep potential is started from rest potential to anodic potential, and the scanning should 

be stopped when the potential is less than 1 V to avoid irreversible damage to the catalyst. 

Within a certain potential range, the current density increases linearly as the potential increases, 

resulting from an internal short circuit. Therefore, the internal short circuit resistance can be 

obtained by calculating the reciprocal slope of the linear phase of the LSV curve. By calibrating 

the internal short circuit, the limiting current density of hydrogen crossover (𝑗𝐻2 𝑐𝑟𝑜𝑠𝑠 ) is 
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obtained, that is, the intersection of the inverted extension line of the linear part of the curve 

and the vertical axis. The hydrogen crossover flux can be calculated through Equation 2- 8.  

�̇�𝐻2 𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 =
𝑗𝐻2 𝑐𝑟𝑜𝑠𝑠 ×𝐴𝑎𝑐𝑡𝑖𝑣𝑒

𝑛 ×𝐹
  

Equation 2- 8 

Aactive: active area of fuel cell 

n: the number of electrons taking part in the reaction 

F: Faraday’s constant 

 

 

Figure 2. 8. Typical LSV curve of PBI-membrane-based HT-PEMFC. T= 160℃, anode: 0.3NL min-1 H2, cathode: 0.3NL min-

1 N2 [17]. 

 

2.3 Performance Study of HT-PEMFC 

2.2.1 Polarization Curves 

The polarization curve is the most basic and important tool for studying the performance of 

PEMFC. The change of voltage with current density when PEMFC outputs power can be used 
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to evaluate PEMFC's reaction kinetic performance, electrochemical and physical resistance, 

and mass transfer performance. The typical polarization curve of PEMFC is shown in Figure 

2. 9. Under the standard condition of 25℃ and atmospheric pressure, the theoretical value of 

OCV of PEMFC is 1.23V. The calculation process is shown in Equation 2- 9. 

𝐸 =
−∆𝐺

𝑛𝐹
= 1.23 𝑉                                                                                                                                                    

 Equation 2- 9 

∆𝐺: Gibbs free energy of chemical reaction participate in PEMFC (∆𝐺=-237,340 J mol-1, 

T=25℃) 

n: number of electrons involved in hydrogen oxidation reaction or oxygen reduction reaction, 

2 

F: Faraday’s constant (96,485 Coulombs/electron-mol) 

There will be a certain gap between the actual OCV and the theoretical value. First of all, as 

the temperature increases, the theoretical value of Gibbs free energy will change, and the 

theoretically calculated value will decrease. Secondly, the irreversible voltage loss caused by 

the parasitic reactions will also cause the gap between the actual OCV and the theoretical value 

to be further widened. The factors that cause these parasitic reactions include, but are not 

limited to, hydrogen crossover, catalyst poisoning, internal short circuits, and the influence of 

feed gas bias pressure and water vapour pressure. The dominant factors causing the voltage 

loss at different current density stages in the polarization curve are different. The main losses 

are activation polarization losses in the low current density stage, ohmic losses in the medium 

current density, and concentration polarization losses in the high current density. The activation 

polarization losses are mainly related to the reaction kinetic factors of the catalyst, so it is 

mainly affected by the properties of activation and the physical environment of the catalyst. In 
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the middle current density stage, the voltage loss has a linear relationship with the increase of 

current density because it basically follows Ohm's law. The ohmic losses are mainly affected 

by the proton conductivity (membrane resistance), the resistance of the electrodes and the 

external circuit. Since membrane resistance is usually much larger than the electrode and 

external circuit resistance, the latter is usually ignored. At high current density, the 

concentration polarization losses are mainly related to the transmission and dispersion capacity 

of fuel and oxidant in the electrode. The overall performance of HT-PEMFC can be intuitively 

expressed by Equation 2- 10. 

𝐸 = 𝐸0 − (𝑎 + 𝑏 ∙ ln 𝑗) − 𝑅 ∙ 𝑗 + 𝑏 ∙ ln (1 −
𝑗

𝑗𝑙𝑖𝑚
)       

Equation 2- 10 

𝐸0: OCV 

a: exchange current density related parameters 

b: kinetic overvoltage related Tafel slope 

j: current density 

𝑗𝑙𝑖𝑚: diffusion overvoltage related limiting current density 
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Figure 2. 9. Typical polarization curve of PEMFC [18]. 

 

2.2.2 Electrochemical Impedance Spectroscopy (EIS) 

The polarization curve can intuitively express the electrochemical performance and power 

output of PEMFC. Exploring the factors that affect performance requires quantifying the 

various electronic and proton resistances in PEMFC. Since PEMFC is a complex system, there 

are double-layer capacitors in addition to resistors. Therefore, PEMFC cannot be expressed 

simply by resistance. EIS is widely used in the performance research of PEMFC to measure 

impedance. One of the most commonly used expressions of EIS spectra is the Nyquist curve. 

The typical Nyquist curves are shown in Figure 2. 10. The horizontal and vertical axes of the 

Nyquist curve represent the real and imaginary parts of the impedance, respectively. The 

Nyquist curve is usually fitted with a specific equivalent circuit to quantify the impedance 

information that the curve can express. Equivalent circuits are usually established through 

mathematical models, so there may be individual differences. One of the most typical 

equivalent circuit diagrams of PEMFC is shown in Figure 2. 11. The explanation of elements 

in equivalent circuits is shown in Table 2. 4. Elements in the equivalent circuit can be compared 
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with the Nyquist curve. The ohmic resistance, charge transfer, and mass transfer relate to the 

first intersection of the curve and the x-axis, the medium frequency loop, and the low-frequency 

loop, respectively. There is still no uniform conclusion about the definition of the high-

frequency loop. The definition of high-frequency loop includes but is not limited to internal 

ohmic resistance, contact capacitance [19], distributed resistance [20], and anode charge 

transfer resistance [21]. 

 

Figure 2. 10. Typical Nyquist curves of different commercial PBI membrane-based HT-PEMFC, T=160 ℃, current density = 

0.2 A cm-2, 𝜆𝐻2
 / 𝜆𝐴𝑖𝑟  = 1.2/2 [17] 

 

Figure 2. 11. Typical equivalent circuits of PEMFC [22]. 
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Table 2. 4. Elements of equivalent circuits 

Elements Meaning 

Rel Ohmic resistance (membrane resistance) + uncompensated contact 

resistance (can be eliminated) 

Rct Kinetic resistance (charge transfer resistance) 

Zd Mass transfer resistance 

CPE Constant phase element 

 

2.2.3 Cyclic Voltammetry (CV) 

CV is usually used to measure the electrochemically active surface area of the PEMFC catalyst. 

However, in HT-PEMFC, phosphoric acid is used as the electrolyte and its fluidity may affect 

the measurement of CV. On the one hand, the phosphate radicals produced by the ionization 

of phosphoric acid leached to the surface of the catalyst are adsorbed on the surface of the 

catalyst to occupy its active sites [23]. On the other hand, polyphosphate or pyrophosphoric 

acid produced by phosphoric acid dehydration (Equation 2- 11) can also block the catalyst 

surface [24]. 

2𝐻3𝑃𝑂4 → 𝐻4𝑃2𝑂7 +  𝐻2𝑂 𝑜𝑟 𝑛𝐻3𝑃𝑂4  

              → 𝐻𝑛+2𝑃𝑛𝑂3𝑛+1 + 𝑛 −  𝐻2𝑂  

Equation 2- 11 

Therefore, the measurement of CV in HT-PEMFC is not only to explore the performance of 

the catalyst but also to reflect the leaching and distribution of phosphoric acid in the catalyst 

layer. The measurement of CV is usually carried out in the form of hydrogen stripping or 

carbon monoxide stripping, and hydrogen stripping is more commonly used. The hydrogen 

stripping method is carried out by feeding saturated nitrogen at the cathode as the working 

electrode and feeding the anode with hydrogen as the reference electrode and cyclic scanning 
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between OCV and 1V. An example of CV based on hydrogen stripping is shown in Figure 2. 

12. The calculation of electrochemical surface area (ECSA) based on hydrogen desorption is 

shown in Equation 2- 12. 

𝐸𝐶𝑆𝐴 (
𝑚2 𝑃𝑡

𝑔 𝑃𝑡
) =  

𝐴𝑃𝑡−𝐻2(
𝐴

𝑉�̃�𝑐𝑚2)

2.1 
𝐶

𝑚2𝑃𝑡
 ×𝑣 (

𝑉

𝑠
)

 ×  
1

𝐿𝑒 (
𝑔𝑃𝑡

𝑐𝑚2)
  

Equation 2- 12 

𝐴𝑃𝑡−𝐻2
: hydrogen desorption area 

𝑣: scan rate 

𝐿𝑒: Pt loading 

 

Figure 2. 12. The example of CV based on hydrogen stripping, T=160℃, anode: H2=0.1 NL min-1, cathode: N2=0.1 NL min-

1 [17]. 

 

2.2.4 X-ray Micro-computed Tomography (CT) 

X-ray CT can be used for the study of the component distribution and migration of PEMFC 

mostly stays on the surface, or two-dimensional level. The application of X-ray CT can realize 
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the imaging and quantification of the components of PEMFC on the three-dimensional level. 

During the X-ray CT detection process, the flow of electrons is excited from the light source 

to the target and partly stops abruptly after contacting the target. The energy exerted by 

electrons is released in the form of thermal energy and X-ray polychromatic spectrum. The 

remaining electron flow can pass through the object to the CCD detector and be converted into 

a visual signal by the scintillator to be recorded. The processing of the visual signal is based 

on the intensity of the beam passing through the object. The resultant intensity (I) can be 

calculated by Equation 2- 12. 

𝐼 = 𝐼𝑂exp [(−𝜇/𝜌)𝜌𝑥]  

Equation 2- 13 

𝐼𝑂: original intensity of the X-ray beam 

𝜇: linear attenuation coefficient 

𝜌: density of the material 

𝑥: given distance 

A 3D image can be obtained by iterating the projections obtained by continuously rotating the 

object. This iterative method will cause multiple projection signals to overlap and cause the 

image to be too bright. Filtering can solve this kind of exposure phenomenon and convert the 

mapping of the object into multiple 2D image volume slices and then reorganize it into a 3D 

tomographic image. The 3D image construction process is shown in Figure 2. 13. 
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Figure 2. 13. The 3D image construction process of X-ray CT [25]. 
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3. Lab-based X-ray Micro-computed Tomography Coupled with Machine-learning 

Segmentation to Investigate Phosphoric Acid Leaching in High-temperature Polymer 

Electrolyte Fuel Cells 

3.1 Manuscript Contribution 

The results presented in Chapter 3 are reported in the publication “Lab-based X-ray micro-

computed tomography coupled with machine-learning segmentation to investigate phosphoric 

acid leaching in high-temperature polymer electrolyte fuel cells, Journal of Power Sources. 509 

(2021) 230347. https://doi.org/10.1016/J.JPOWSOUR.2021.230347.” 

My contributions in this work are as follows: 

Conceptualization: Construct the overall idea of the project, propose the initial plan, and 

analyze the feasibility of the project. 

Methodology: Prepare the membrane-electrode-assembly of the high-temperature polymer 

electrolyte fuel cell and test their performance and durability. Perform electrochemical 

characterization including electrochemical impendence spectroscopy and cyclic voltammetry. 

Explore the preparation method of X-ray micro-computed tomography samples. Design the 

sample holder for X-ray micro-computed tomography. Participate in the testing work of X-ray 

micro-computed tomography during the visit to Electrochemical Innovation Laboratory. 

Formal analysis: Process and analyze electrochemical characterization results including 

polarization curves, Nyquist curves and cyclic voltammetry curves. Process X-ray micro-

computed tomography data and focus primarily on slice-by-slice segmentations.  

Writing-original, review and editing: Write content related to MEA preparation, 

performance testing, and electrochemical characterization. Final editing of the manuscript in 

conjunction with electrochemical characterization and the data from X-ray micro-computed 

tomography. 
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3.2 Abstract 

A machine-learning-based approach is used to segment 14 X-ray computed-tomography 

datasets acquired by lab-based scanning of laser-milled, high-temperature polymer electrolyte 

fuel cell samples mounted in a 3D-printed sample holder. Two modes of operation, one with 

constant current load and the other with current cycling, are explored and their impact on 

microstructural change is correlated with electrochemical performance degradation. 

Constant-current testing shows the overall quantity of phosphoric acid in the gas diffusion 

layers is effectively unchanged between 50 and 100 hours of operation but that inter-electrode 

distribution becomes less uniform. Current-cycling tests reveal similar quantities of phosphoric 

acid but a different intra-electrode distribution. Membrane swelling appears more pronounced 

after current-cycling tests and in both cases, significant catalyst layer migration is observed. 

The present analysis provides a lab-based approach to monitoring microstructural degradation 

in high-temperature polymer electrolyte fuel cells and provides a more accessible and more 

statistically robust platform for assessing the impact of phosphoric acid mitigation strategies.   

3.3 Keywords 

High-temperature polymer electrolyte fuel cell; Phosphoric acid leaching; X-ray 

micro-computed tomography; Machine-learning segmentation; Accelerated stress testing. 
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3.4 Introduction 

High-temperature proton exchange membrane fuel cells (HT-PEMFC) are typically composed 

of polybenzimidazole (PBI) membranes doped with phosphoric acid (PA) [1], wherein the 

polymer backbone provides mechanical integrity, and the acid endows the membrane electrode 

assembly (MEA) with relatively high proton conductivity (>0.1 S.cm-1) at elevated operating 

temperatures (150-200 °C) [2]. Compared with their low-temperature polymer electrolyte 

membrane fuel cell (LT-PEMFC) analogues, typically containing hydrated perfluorosulphonic 

acid (often, Nafion) membranes, HT-PEMFCs are not limited to being run at 80 °C (ambient 

pressure) as they do not need to retain water in liquid form to be suitably hydrated for their 

ionic conductivity. Along with mitigating water management issues, the higher operating 

temperature of HT-PEMFCs also suppresses the impact of fuel impurities; where LT-PEFCs 

are constrained mostly to running on only pure hydrogen streams, HT-PEMFC systems have 

been developed with much greater CO tolerance [3]. Although the oxygen reduction reaction 

at the cathode is hindered by the presence of phosphate anions at the Pt catalyst surface [4][5], 

HT-PEMFCs have a lower sensitivity to the sorts of contaminants found in steam reformates 

(H2S as well as CO), this opens up the opportunity for combined heat and power or auxiliary 

power unit applications [2]. Moreover, at these higher temperatures, the electrochemical 

reaction kinetics are improved versus their LT-PEFCs as exchange current density increases 

exponentially with temperature [6]. 

For sufficient proton conductivity, both in the membrane and in the catalyst layers (CL), a large 

concentration of PA is required [7]. Although it has been shown that the maximum protonation 

degree of PBI by PA is reached with a doping level of 2 acid molecules per repeat unit[8], often 

acid doping levels of up to 6-16 are realized [9][10][11], leading to a majority of acid molecules 

being free and highly mobile. This encourages high proton conductivity (pure H3PO4 has a 

conductivity of around 0.650 S.cm-1) [12] but can impede electrode reactions if the phosphate 
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anion adsorbs at the active sites, and/or it increases mass transfer losses if gas permeation is 

made more difficult [7]. It has been shown that PA distribution is effectively independent of 

how it is introduced, but that its quantity influences the achievable performance of the HT-

PEMFC MEA [7]. 

For many years, PA redistribution was investigated by cell-averaged methods, such as by post-

mortem analysis [7][13] or electrochemical techniques [7][14][15][16][17][18]. Recently, 

further insight has been provided by synchrotron X-ray radiographic imaging, in both in-plane 

[19][20][21][22] and through-plane [23] modes. In-plane X-ray radiography identified 

reversible membrane swelling upon current draw [19][20][22] and attributed increased 

transmission in the membrane to the dilution of PA by product water [19][20][22] or crossover 

processes [20][22]. Through-plane studies suggested that chemical conversion of PA was 

accompanied by a redistribution of its derivatives as dilution alone would not explain the 

transmission differences observed. The work revealed heterogeneity in PA distribution after 

operation above 0.35 A.cm-2, with transmission changes greater under flow-field channels than 

under ribs [23]. Unfortunately, in this work, it was not possible to identify if these changes 

originated from PA redistribution or inhomogeneous membrane swelling, highlighting the 

drawback common to all the radiographic investigations - the lack of the third dimension. 

X-ray computed tomography (CT) involves the acquisition of radiographic projections that are 

collected by incrementally rotating samples, positioned between a source and detector, through 

regularly spaced angles. The full set of projections are processed using mathematical back-

projection algorithms to give a three-dimensional reconstruction of the X-ray attenuation 

coefficient distribution within the sample. Eberhardt et al. demonstrated the first tomographic 

investigation of HT-PEMFCs, developing grayscale-concentration calibration curves for 

quantifying PA in the gas diffusion layer (GDL), CL and membrane [24]. The work compared 

MEAs immersed in known concentrations of PA, correlating local grayscale to bulk PA 
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concentration and its concentration in “PA + C” mixtures, whose grayscale peaks overlapped 

in the image histograms for all concentrations. The authors conceded that at low PA 

concentrations, PA and “PA + C” peaks were not separable, such that PA volume in the GDL 

of wet samples was estimated by a slice-by-slice subtraction method versus the GDL of a 

different dry sample. All images were of non-operated components at room temperature, thus 

the quantities of PA in the GDLs were not representative of real operation. Follow-up operando 

studies targeted PA re-distribution under dynamic load conditions [25], monitoring PA 

distribution in the anode GDL as a function of current density. Increasing current density from 

0.2 to 0.8 A.cm-2 coincided with PA flowing into the anode GDL, and a continuous path of PA 

between membrane and flow-field was observed after 15 min. GDL and flow-field immediately 

lost PA upon lowering the current, implying an inverse process at play. The original condition 

was not re-established, with some PA lost from the electrolyte reservoir, potentially 

contributing to long-term degradation. “Electrochemical pumping”, similar to that in 

phosphoric acid fuel cells [26], was reported to be behind PA migration from cathode to anode, 

resultant from H2PO4
- migration in this direction. The average increase in grayscale on the 

anode side, with a small decrease on the cathode, is consistent with the pumping mechanism, 

but the increase in grayscale value (greater absorption) in the membrane was counter to the 

behaviour in prior radiographic studies [19][21][20][22]. 

Recently, Halter et al. investigated PA leaching over two current cycles, linking PA content to 

mass transport losses, approximating flooding times and highlighting CL cracks as the 

determining factor for PA egress from the membrane [27], as supported by work by Chevalier 

et al.[28]. The latter work used synchrotron X-ray CT to produce inputs for a pore network 

model (PNM) [29], combining with an invasion percolation algorithm [30] to predict PA mass 

and invasion patterns, matching well to experiment [7]. However, only one sample with an 

unrealistically thick CL was studied. 
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Although synchrotron experiments have revealed important insights into PA (re-) distribution, 

beamtime access is limited, time constraints mean that only a few samples are investigated in 

each study, and the high flux risks radiation damage to membranes. Fortunately, the recent 

application of lab-based X-ray micro-CT in materials science [31], among other fields [32][33], 

has allowed for approaches to imaging HT-PEMFC in a more accessible fashion, albeit with 

polychromatic radiation and lower flux. An early example investigated CL morphologies from 

different fabrication routes but without information on PA distribution [34]. Schonvogel et al. 

explored the use of accelerated stress tests (AST), one of which was used in this work (0.6 to 

1.0 A cm-2 cycling), but their X-ray micro-CT images were simply used to identify CL crack, 

without any segmentation of the acquired tomograms, nor comprehensive analysis of the MEA 

in three dimensions [35]. More recent work by Halter et al. used PA injection methods, which 

rely on subtractive imaging (“dry” subtracted from “wet” images), to investigate the influence 

of PA concentration and temperature on the wetting behaviour of PA on GDL materials by 

capillary pressure and contact angle measurements [36], quantifying the capillary pressure 

required to see PA breakthrough the entire gas diffusion electrode (GDE), albeit for their 

specific materials selection and not from PA introduced into the GDE in-situ. A follow-up 

operando study of PA migration in HT-PEMFCs with two different CL morphologies 

correlated their previous ex-situ injection work with real operando performance [37], showing 

that even at the low current densities of 0.2 A.cm-2, PA is present in CL cracks, but increases 

significantly at higher current densities of 0.8 A.cm-2. 

The focus of the present study is on improving the implementation of accessible, lab-based X-

ray micro-CT in the study of HT-PEMFCs, with a focus on monitoring PA migration. The 

investigations make use of the AST procedure introduced recently [35], wherein load cycling 

between 0.6 and 1.0 A.cm-2 is used to accelerate PA leaching and allow for semi-quantitative 

determinations to be made from high-resolution, segmentable tomograms. Emphasis is placed 
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on increasing the statistical robustness of X-ray lab-based CT, leveraging its greater 

longitudinal availability versus the synchrotron, as well as mitigating poorer contrast by 

acquiring tomograms from several replicates with optimised scanning parameters. The results 

indicate that the AST used is sufficient to bring about PA migration that can be reliably 

identified by lab-based micro-CT and paves the way for lab-based investigations of PA 

leaching mitigations in state-of-the-art HT-PEMFC microstructures. 

3.5 Materials and Methods 

3.5.1 HT-PEMFC 

Materials 

The samples were fabricated by coating two commercial GDLs with in-house prepared MPLs 

and CLs, before hot-pressing around a PA-doped commercial PBI membrane. The GDL used 

was a 280-µm-thick carbon paper (TGPH 090, Toray) containing 5 wt% 

polytetrafluoroethylene (PTFE). The MPL ink constituted 90 wt% Ketjen black (EC-300J, 

AkzoNobel) and 10 wt% PTFE (Sigma Aldrich) in iso-propanol (IPA), giving a Ketjen black 

MPL loading of 1 mg.cm-2. The CL ink was prepared by blending 80 wt% Pt/C catalyst (60% 

Pt loading, Fisher Scientific) and 20 wt% PTFE in a 2:3 mixture of de-ionized water and IPA. 

The 30-µm-thick PBI membrane (Fumapem® AP-30, Fumatech) was doped with PA by 

immersing in 85 wt% orthophosphoric acid (PA, Fisher Scientific) at 140 °C for 6 h. The doped 

membranes were vacuum-dried at 80 °C for 3 h to remove moisture and calculate the acid 

doping level (ADL). The ADL was calculated according to Equation 3- 1. 

𝐴𝐷𝐿 =  
𝑊𝑃𝐴

𝑀𝑃𝐴
/ 

𝑊𝑃𝐵𝐼

𝑀𝑃𝐵𝐼
  

Equation 3- 1 

where WPA and WPBI are the wt% content of PA and PBI, respectively, and MPA and MPBI are 

the molar mass of PA and the polymer repeat unit, respectively. For all membranes, the ADL 
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was approximately 11.5, representative of other literature preparations [9][10][11]. 

Assembly 

The MPL was spray-coated onto each GDL using nitrogen, and the solvent removed by heating 

at 120 °C for 10 s between each coat, after which each MPL-coated GDL was sintered at 300 °C 

for 3 h. Subsequently, the CL ink was sprayed on the MPL, and the solvent similarly removed, 

giving a final CL loading of 1 mgPt.cm-2. The samples were assembled by sandwiching the 

membrane between GDEs, using 150-µm-thick PTFE gaskets, hot-pressing the assembly at 

140 °C for 270 s, with a constant pressure of 80 psi. The electrodes were square with an active 

area of 225 mm2 in all cases. 

Electrochemical methods 

The hot-pressed samples were assembled into a single-cell 4 x 4 cm2 test rig, designed in-house, 

compressed with 0.5 N.m torque and operated at 150 °C. Polarisation curves were collected, 

and electrochemical impedance spectroscopy (EIS) was performed for Sample Sets A and B, 

with the addition of cyclic voltammetry (CV) for Sample Set B. Using a potentiostat (E5000, 

Gamry), polarisation curves and EIS measurements were collected with 100 mL.min-1 of dry 

hydrogen on the anode and dry oxygen on the cathode, and CV used 33.4 mL.min-1 dry 

hydrogen on the anode and 140 mL.min-1 dry nitrogen on the cathode. The cathode of each 

MEA served as the working electrode, where the anode served as the counter and reference 

electrode in a typical 2-electrode set-up. 

Once the open-circuit voltage (OCV) stabilised, ten polarisation curves were collected by 

discharging from OCV to 0.1 V in 0.1 A steps with 5 s dwell time, and the final polarisation 

curve taken as the steady-state condition. Galvanostatic EIS was performed at 0.5 A (0.22 

A.cm-2) across a frequency range of 10,000 to 0.1 Hz, with a perturbation current of 10 mA. 

CV was performed between 0.05 and 0.5 V with a scan rate of 100 mV.s-1 and the hydrogen 
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desorption curve used to calculate the electrochemical surface area (ECSA) of the catalyst on 

the working electrode side using Equation 3- 2. 

ECSA(𝑐𝑚2
𝑃𝑡 𝑔𝑃𝑡) = Charge(𝜇𝐶. 𝑐𝑚−2)/[210(𝜇𝐶. 𝑐𝑚−2

𝑃𝑡) × Catalyst Loading(𝑔𝑃𝑡. 𝑐𝑚−2) ⁄  

Equation 3- 2 

Sample Set A underwent lifetime testing by running each cell at constant current, at the value 

associated with an initial voltage of ~0.6 V, for up to 100 h. A single cell was characterised 

immediately after hot-pressing, again after 50 h of operation, and finally after having operated 

for 100 h in total. X-ray CT characterisation was carried out for identically fabricated cells after 

0, 50 and 100 h of operation. Sample Set B underwent accelerated stress testing (AST) which 

consisted of repeated chronopotentiometry – 4-minute operation at 0.6 A.cm-2 followed by 

16-minute operation at 1.0 A.cm-2, for a total of 6 h [35]. The cells were held at OCV for ten 

minutes between each cycle, and the cycle repeated a total of 11 times, such that the entire 

testing regime lasted approximately 70 h.  X-ray CT characterisation was carried out on 

identically prepared pristine samples and the AST samples. 

3.5.2 X-ray micro-CT 

Sample preparation 

A laser micro-machining tool (A Series/Compact System, Oxford Lasers) was used to mill 

multiple circular discs of either 1.5 or 2 mm from the active area at ~0.8 W and at a scan speed 

of ~ 1 mm s-1, and 2-3 iterations. This size was chosen as a balance between improved 

signal-to-noise for a given exposure time and the need for a representative volume[38][39]. To 

ensure laser milling did not affect the sample discs more than mechanical cleavage, similar 

half-cell samples were prepared; a laser-milled and a mechanically hole-punched disc, each 1.5 

mm in diameter, both immersed in 85 wt% PA at room temperature for 10 s. Volume 

renderings and XZ-orthoslices are shown in Figure S3. 1 for comparison, illustrating that the 



115 

 

delicate microstructure is in fact more deformed by mechanical cleavage than by laser 

micro-machining. Sub-volumes (0.16 mm3) from the two GDLs gave similar porosities (54% 

and 49% for mechanical and laser, respectively), indicating a similar PA content in both. 

To improve the statistical robustness of the resulting tomographic analysis, a procedure for 

scanning multiple subsamples from each sample MEA was developed. An in-house sample 

holder (jig), compatible with the X-ray CT instrument’s sample stage, was designed in 

SolidWorks (Dassault Systèmes), 3D-printed using a Form 3 (Formlabs) 3D printer, and each 

disc was individually placed into the recess of one jig part, before building into a stack and 

securing within the X-ray CT sample holder chuck. For Sample Set A, the samples were cut 

out completely before being placed in jig parts; in the process, the ‘anode side’ and ‘cathode 

side’ information for the operated samples was lost. However, for Sample Set B, two rather 

than three iterations of milling were used to leave the discs just intact such that each could be 

gently coaxed into the recess from the bulk MEA, retaining the ‘anode side’ facing upwards 

for all samples. CAD and optical images of the 3D-printed jig are shown in Figure S3. 2. The 

advantage of this design is that acquisition for multiple samples (5-10) can be set up all at once 

in a multi-recipe scan, utilising overnight periods, despite scan times of only 2-4 hours per 

sample. 

Image Acquisition 

An X-ray micro-CT instrument (Zeiss Xradia 520 Versa, Carl Zeiss) was used for all scanning 

in this study, equipped with a polychromatic source with a tube voltage range of 30-160 kV. A 

4× objective was chosen to give ~1 µm voxel dimension with a ca. 2 mm field-of-view at 

reasonable source-to-sample and sample-to-detector distances. Preliminary scanning was 

conducted to evaluate the degree to which PA could be discerned from other materials, hence 

“half cells” (GDL/MPL/CL) were fabricated and scanned both “dry” (pristine) and “wet” (85 
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wt% PA).  

 
Figure 3. 1.(a) XZ- and YZ-orthoslices of dry and wet “half-cells” comprising GDL, MPL and CL. (b) Histogram comparison 

between sub-volumes taken from the GDL of each volume. All scalebars denote 200 µm. 

Figure 3. 1a shows two-dimensional slices (orthoslices) from X-ray CT tomograms of half-

cells imaged in “dry” and “wet” (laser-milled disc shown in Figure S3. 1) states. Previously, 

synchrotron tomographic imaging with a monochromatic 20 kV beam was shown to give 

distinguishable peaks for carbon fibres and binder in dry samples, but not in wet samples 

saturated with low concentration PA [24]. Figure 3. 1b shows a similar trend is observed where 

a higher grayscale shoulder in the dry sample is obscured in the wet sample where the presence 

of PA effectively renders the fibres, binder and PA one phase. It should be noted that this is the 

case even at relatively high PA concentration (~85 wt%) as here a lab-based polychromatic X-

ray beam with a peak energy of 80 kV (as used in previous studies[35],[40]) has been used. 

Lower peak energies were selected for further scanning, a trade-off between improving contrast 

and retaining adequate flux for sufficient signal-to-noise ratio. X-ray acquisition parameters 

used in this study are shown in Table S3. 1, the key differences being highlighted in Table 3. 

1. 

 

 

 



117 

 

Table 3. 1. Key X-ray CT acquisition parameters used in this study. 

Sample Set X-ray voltage 

(kV) 

Voxel size 

(µm) 

Exposure 

time (s) 

Projection 

Number 

Scan time per 

sample (h) 

Half-cells 80 1.09 8 801 1.8 

A 60 0.95 14 1101 4.3 

B (Pristine) 40 1.01 25 401 2.8 

B (AST) 50 1.01 25 501 3.5 

For Sample Set A, the X-ray parameters were internally consistent, but the X-ray energy was 

lowered between the sets to improve contrast and consequently, the exposure time was 

increased to retain good signal-to-noise. The Sample Set B pristine (0 h) samples were scanned 

with low energy of 40 kV and minimal projections, both of which were increased slightly for 

AST samples to improve data quality, retaining the same voxel dimension. Generally, the 

number of projections was lowered versus the half-cell scans to facilitate shorter scans, whilst 

retaining adequate image quality. Slightly larger diameter discs (2.0 versus 1.5 mm) were used 

to ensure that all replicates had the “anode side” facing upwards as this was practically more 

difficult with smaller discs. Therefore, the optimised parameters allow for seven to eight scans 

of 2-mm-diameter HT-PEMFC discs with sufficient data quality for segmentation, within a 24 

h period. 

 

Data Processing 

Each set of collected radiographs was reconstructed using a proprietary version of the 

Feldkamp-Davis-Kress (FDK) cone-beam algorithm [41] in XMReconstructor (Carl Zeiss). 

Each tomogram was processed in the same way to minimise variation: the data was transformed 

to be planar and cropped to produce cuboidal volumes. 3D renderings of these tomograms are 

shown in Figure 3. 2. From the series of tomograms comprising each sample set, the largest 

cuboidal sub-volume was extracted that avoided the inclusion of air external to the cylindrical 

sample; for Sample Set A this was 1070 × 1070 × 525 voxels (0.533 mm3), for Sample Set B 
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this was either 1013 × 1013 × 507 voxels (Pristine) or 1015 × 1015 × 508 voxels (AST) (both 

also 0.533 mm3). XZ- orthoslices from each of the subvolume tomograms from Sample Set A 

and Sample Set B are shown in Figure S3. 3 and Figure S3. 4, respectively. Each tomogram 

was filtered twice, first with a 3D non-local means filter (search window=10 pixels; local 

neighbourhood=3 pixels) which dramatically reduced the noise. Secondly, to enhance the 

feature edges, a 3D unsharp masking filter (edge size=9 pixels; edge contrast=0.9) was applied. 

To perform segmentations in a robust and time-efficient manner, particularly given the high 

number of tomograms involved, segmentation was performed using a two-stage, 

semi-automated approach, harnessing the power of machine-learning based segmentation 

(using freeware, Ilastik [42]) to perform the majority of voxel allocation, combined with a 

localised approach (performed in Avizo [43]) for membrane identification, phase separation 

and final adjustments. In the first stage, the machine-learning step achieves a ternary 

segmentation: high grayscale is allocated to the CL, low grayscale is allocated to Pore, and 

intermediate grayscales are allocated to a combined GDL/MPL/Membrane (and PA where 

applicable) phase. Subsequently, a localised procedure is used to segment Membrane from the 

other phases, as it is indistinguishable in grayscale value at 40-60 keV, and the resultant 

segmented volume was further divided into anode and cathode sides for Sample Set B, with a 

priori knowledge. An example of raw, filtered and segmented orthoslices from a single Sample 

Set A tomogram is shown in Figure S3. 5. 
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Figure 3. 2. Volume renderings of processed tomograms from (a) half-cell tests and (b) lifetime tests on Sample Set A; c) AST 

tests on Sample Set B; d) Schematic illustrating the different layers of all samples. 
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The processed volumes are imported into Ilastik as 2D TIFF stacks, selecting all pre-defined 

“features” (convolutional kernels) [42], and performing an initial user training by manually 

“painting” a small portion of the central slice in the XZ-direction. An initial machine-learning 

segmentation is computed and displayed, which allows the user to interact with the result to 

suggest further refinements before an updated segmentation is proposed. The initial training 

input, initial suggested segmentation, additional training and updated segmentation for the 

same central slice of a single tomogram is shown in Figure S3. 6 as an illustration. Additional 

interaction by the user can be carried out on additional slices any orientation, specifically 

targeting areas of high uncertainty and regions that appear under or over-segmented from the 

first pass. For Sample Set A, training was undertaken on the central XZ-slice (20 min), and 

additions were made on the same slice (20 min) and a slice in the other directions (10 mins 

each) to give a result within one hour of interacting with the data. For Sample Set B, despite 

lower signal-to-noise ratio, only 30 min was required to provide a similarly visually acceptable 

segmentation. 

Stage two consisted of importing the output from Ilastik, along with the raw image, into Avizo 

and manually segmenting the membrane from the GDL, since the membrane is spatially 

separate from the other features but possesses similar grayscale. This segmentation was 

achieved by first using the outer edge of the pre-segmented CL to create a “Mask” phase. The 

combination of this phase and CL acted as an effective barrier, such that voxels with the 

grayscale values selected for segmentation using the “Magic Wand” tool would remain within 

the boundary of the “Mask+CL” region. The “Magic Wand” was used to select many narrow 

grayscale regions, which slowly built up the membrane phase. Finally, interpolation between 

slices, in either the xz- or yz-planes, was performed to fill any gaps, and the final segmentation 

was manually adjusted to smooth the membrane edges. Attempting a quaternary segmentation 

with the machine-learning approach proved problematic, leading to an under- or over-
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segmentation of GDL. Once this two-stage segmentation was complete, the two sides of the 

membrane were labelled separately, and final adjustments made to amend any major residual 

misallocations by manual re-allocation. 

Data Analysis 

Phase fraction calculations were computed in Avizo by simple voxel counting, and represent a 

proportion of the total volume, unless otherwise stated. The phase fraction for unoperated 

samples represents the carbonaceous phases that constitute the GDL and MPL, whereas the 

analogous phase fraction for operated samples represents these phases plus migrated PA. Clear 

distinction of PA from the carbonaceous phases was not possible with a polychromatic (40-60 

keV) X-ray beam, and comparisons were drawn across samples, both for bulk and slice-by-

slice analysis. It is worth noting that no lab-based system has yet shown sufficient contrast for 

direct segmentation and instead, complex operando set-ups have been required in order to 

subtract “dry” from “wet” images [27][44]. Here, we leverage the multi-sample, 

high-throughput procedure to provide statistically more robust estimates of PA distribution as 

a function of fuel cell operation. Volume-specific surface areas (VSSA) are calculated by 

producing surfaces from the voxel reconstructions and dividing the summated area by the total 

volume of that specific phase. 

To probe PA penetration into the GDL, a slice-by-slice (Z-direction) analysis was undertaken 

for all volumes. As PA penetrated deep into the GDL, and to avoid the uncertainty caused by 

variations in MPL phase fraction, the first and last 150 slices were also used to calculate 

average phase fractions for pore and GDL(/PA) for comparisons between unoperated and 

operated cells in the “strictly GDL region”. Measurements of membrane thicknesses were 

performed by taking the full-width at half-maximum (FWHM) approach to the central peak, 

and inter-CL distances were peak-to-peak maxima distances. To characterise the pore domain, 
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tortuosity factor in the z-direction (τz) and continuous pore size distributions (cPSD) 

calculations were performed in TauFactor [45] and ImageJ, respectively. Tortuosity factor (τ) 

in this formulation is defined in Equation 3- 1: 

𝐷𝑒𝑓𝑓 = 𝐷 
𝜀

𝜏
  

Equation 3- 3 

Where 𝜀 is the porosity in this study, D is the intrinsic diffusivity of whichever gas is flowing 

in the pores, and 𝐷𝑒𝑓𝑓 is the effective diffusivity given by the presence of the solid phase. cPSD 

calculations follow an algorithm developed by Münch et al. that involves the determination of 

the amount of pore volume that can be filled with spheres of given radius, characterising a 

continuous pore volume as if it were composed of a distribution of these spheres. The reader is 

referred to [46] for more detail and a mathematical description of the algorithm.  

Given both the greater solid density in the MPL region and its almost complete filling in 

operated samples, GDL regions were selected by choosing an appropriate slice number from 

the slice-by-slice analysis of each dataset. For the pristine samples, this value was taken at the 

elbow-point of the CL, where there was a noticeable change in CL “area”, typically ~200 slices 

(Figure 3. 5). For the aged samples, because of the greater intrusion of the PA into the pores, 

values were chosen where the GDL/MPL (PA) phase fraction equaled the pore phase, typically 

~150 slices. This ensured that the complete flooding of pores near the CL did not distort the 

values for pore size and tortuosity of the GDL/MPL. Importantly, attempts to quantify τz
 

through entire GDEs often gave very high or even infinite values due to low or no percolation 

at the imaged resolution such that focus was given to residual percolated volumes after PA 

leaching. After extraction of the subvolumes from both the top and bottom of each sample, the 

datasets were binarized to form “solid” and “pore” phases, before application of the tortuosity 

factor and cPSD procedures. Where “± errors” are reported, the standard error of the mean is 

given, equivalent to the sample standard deviation divided by the square root of the number of 
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measurements made. 

3.6 Results and Discussion 

3.6.1 Sample Set A 

100 h of operation at constant current was monitored by taking voltage readings throughout, 

measuring polarisation curves at 0, 50 and 100 h, and performing EIS before and after operation 

(Figure 3. 3). Figure 3. 3a clearly shows that operating at a fixed current density is 

accompanied by significant degradation (20 mV between 20 h and 100 h) within a relatively 

short duration, which is equivalent to 10% voltage loss in less than 250 h (where the current 

US DoE target is 5000 h [47]). This early-stage degradation corresponds to a loss of ca. 

200 µV.h-1 which is an order of magnitude greater than previous durability studies [48][49]. 

This may be because the cell in this work is considerably smaller than those examined in the 

literature such that detrimental edge effects may be enhanced. Additionally, the tests presented 

here are shorter term (100 h versus 800-1000 h in the literature), such that a plateau in voltage 

after 100 h would imply an over-estimation of degradation. Finally, and potentially most 

importantly, the doping procedure (85 wt% orthophosphoric acid at 140 °C for 6 h) and level 

(ADL = 11.5) were specifically chosen to exacerbate PA leaching for electrochemical and 

microstructural analysis, rather than using a polyphosphoric route [48] shown to give improved 

physicochemical properties [50] or a lower doping level (e.g. ADL = 3.5 [49]). The polarisation 

curves display the same trend, with maximum current densities of 407 mW.cm-2 at 0 h, 

390 mW.cm-2 at 50 h and 365 mW.cm-2 at 100 h (average -0.4 mW cm-2 h-1). The complex 

plane plot in Figure 3. 3c illustrates that the ohmic contribution to impedance is approximately 

unaffected by operation, but that there is an appreciable increase from 0.31 to 0.35 Ω.cm2 

(~13%) in the sum of charge transfer resistance and mass transfer resistance, also evident at 

low and high current densities, respectively, in the polarisation curves shown in Figure 3. 3b. 

Attributing losses specifically to either or both of the anode and cathode is beyond the scope 
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of this work. 

 
Figure 3. 3. Electrochemical data pertaining to Sample Set A, (a) Voltage-time plot for the duration of operation; 

(b) Polarisation curves (black) and power density curves (red) for 0 h (line), 50 h (dashed) and 100 h (dotted); (c) Complex 

plane plots for 0 and 100 h. 

 

A single XZ-orthoslice from filtered and segmented tomograms for each sample is shown in 

Figure 3. 4. The defined fibrous structure of the GDL is evident in both 0-h-samples (Figure 

3. 4 a,c), attributable to a lack of observable PA in any of the micron-sized pores. Although 

hot-pressing can lead to a small quantity of PA escaping the MEA, the porous microstructure 

of the GDL-MPL layers is still visibly empty. This is not the case in either the 50- or 100-h-

samples, where significant quantities of PA have migrated into the porous microstructure, in 

both cases partially but appreciably filling the MPL and GDL layers. 
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Figure 3. 4. X-ray CT data pertaining to Sample Set A: Filtered XZ-orthoslices from (a), (c) 0 h tomograms; (e), (g) 50 h 

tomograms; i), k) 100 h tomograms; Corresponding segmented XZ-orthoslices from b, d) 0 h tomograms; f, h) 50 h tomograms; 

j, l) 100 h tomograms. 
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From the segmented datasets, phase fractions are calculated for seven phases - three phases for 

top and bottom (CL, Pore, and combined GDL-MPL – and PA where applicable) plus the 

membrane. PA cannot be reliably segmented from the GDL, but bulk phase fractions from 

operated and unoperated samples, shown in Table 3. 2 and Figure S3. 7, provide an estimate 

of the leached PA, with the full global phase fraction results shown in Table S3. 2. In 

0-h-samples, the GDL/MPL phase accounts for 14-15% of the total volume, consistent for both 

sides and samples, providing a baseline against which to compare operated samples. Notably, 

the VSSA was 0.33 & 0.31 µm-1 and 0.34 & 0.33 µm-1 for the top & bottom of 0 h (01) and 0 

h (02), respectively; this high level of similarity representing successful segmentation that 

captures the same morphology of material, regardless of side or sample. In both the 50-h-

samples and 100-h-samples, there is a significant increase in this phase fraction, due to PA 

leaching. For 50-h-samples, the average GDL/MPL/PA phase fraction increases to 24% and 

28% for the top and bottom, respectively, which represents an average sample increase of 

11.2 ± 1.6% by volume (~0.06 mm3
 in absolute terms) at one electrode. Similarly, for 100-

h-samples, the same phase fraction shows an increment of 10.0 ± 2.4% by volume (~0.05 mm3) 

versus 0-h-samples, although there is greater variation in the replicates compared with the 

50-h-case (26% and 24% versus 26% and 26% for the 100-h- and 50-h-cases, respectively). 

The results of an analysis of the first and last 150 slices (GDL only) are shown in Table S3. 3. 

The average phase fraction when excluding the MPL region increases from 0.30 (0 h) to 0.55 

(50 and 100 h), equating to a concomitant filling of ~35% and 40% for 50 h and 100 h (due to 

a small difference in CL distribution). Both the full electrode and GDL-only analysis imply 

that between 0 and 50 h, a substantial amount of PA egresses from the membrane and CL into 

the pore space of the GDL/MPL, consistent with literature that suggests GDL flooding reaches 

a steady-state in just a few hours [25]. Although this quantity does not increase substantially in 

the following 50 h, the data suggests an increasing heterogeneity in PA distribution with time, 
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such that the impact of longer-term testing on PA distribution requires further investigation. 

Table 3. 2. Global GDL/MPL/(PA) phase fraction for each sample and comparisons versus the pristine state. 

 

To inspect the degree of PA egress, slice-by-slice analysis was conducted (Figure 3. 5), 

plotting each phase’s area fraction from the bottom (Layer 1) to the top (Layer 535). Note that 

each layer is ~0.95 µm thick. First, it is observed that the membrane thickness (FWHM) 

increases a little with operation time, from ~45-48 µm (0 h, Figure 3. 5 a,b), to ~49-51 µm (50 

h, Figure 3. 5 c,d), to ~52-56 µm (100 h, Figure 3. 5 e,f), although these small increments with 

only duplicate data require further investigation to confirm. The CL areal fraction peak tends 

to move further from the membrane with operation time, and an increased overall magnitude 

and greater magnitude in each curve’s “tail” is observed, depicting increasing penetration of Pt 

into the GDL with operation. Of course, there is no physical reason to suspect that the true 

quantity of Pt increases as a function of operating time; instead, the bulk phase fraction increase 

is an artefact of the fact that even small quantities of very electron-dense Pt appear appreciably 

bright in the tomograms to be allocated as such. Thus, Pt migration that is not complete but 

involves migratory and residual metal yields an effective increase in measured CL phase 

fraction. It is also observed that the CL peaks after 100 h are taller and narrower, suggestive of 

inner Pt that is close to the membrane migrating outwards to amass at the newly established 

interface, as well as Pt migration into the GDE, although this requires more experimentation to 

confirm. Overall, the observed Pt migration may explain the greater activation losses seen in 

the operated cells’ polarization curves in Figure 3. 3b. Membrane thickness and inter-CL 

distance data are given in Table S3. 3. 

Electrode 
GDL/MPL/(PA) Phase fraction 

0 h Mean 50 h Mean 100 h Mean 50 h vs 0h 100 h vs 0h 

Top 15.3% 23.7% 28.7% 8.4% 13.4% 

Bottom 14.0% 28.0% 20.6% 14.0% 6.7% 

Mean 14.6 ± 0.4% 25.8 ± 1.5% 24.7 ± 2.4% 11.2 ± 1.6% 10.0% ± 2.4% 



128 

 

 
Figure 3. 5. Slice-by-slice plots for Sample Set A, showing the area fraction for each of the seven phases from the bottom 

(Layer 1) to the top (Layer 535) for (a) 0 h (01); (b) 0 h (02); (c) 50 h (01); (d) 50 h (02); (e) 100 h (01); (f) 100 h (02). 

Importantly, the curves pertaining to the GDL/MPL phase (0 h, Figure 3. 5a,b)) and 

GDL/MPL/PA composite phase (50 h, Figure 3. 5c,d and 100 h, Figure 3. 5e,f) present 

different shapes. In Figure 3. 5a,b, there are peaks for both sides attributable to the MPL region, 

followed by an average of ~30% carbonaceous volume. However, in Figure 3. 5c,d, there are 
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broader and higher peaks just after the MPL, and secondary, taller peaks towards the top and 

bottom of the GDL (where the flow-fields had been). In this case, from GDL-only calculations, 

the average GDL/MPL/PA phase fraction is ~55%. Despite very similar values in bulk quantity 

in 100-h-samples (also ~55%), the distribution can be seen (Figure 3. 5e,f) to differ, versus 

50-h-samples (Figure 3. 5c,d). In the 100-h-case, one of the sides retains the double peak, 

whereas the other has a much less significant peak towards the flow-field end and there is a 

large discrepancy between the amount of PA on both sides. As this analysis only captures the 

residual PA inside the GDL/MPL, further work to inspect the volume of PA that escapes via 

the flow-field is planned using an in-situ set-up.  

The impact on the porous network was investigated by both cPSD and tortuosity factor 

measurements for each GDL layer of all six samples. The cPSD results are summarised in 

Table 3. 3. There is little difference in the average (r50) pore sizes between the two sides of the 

unoperated MEAs. For 50-h-samples this remains the same with a small increase in intrasample 

difference for 100-h-samples. However, there is a significant measured difference in pore r50 

between the unoperated cells (12.6 ± 0.2 µm) and operated cells (15.5 ± 0.2 µm and 

15.7 ± 0.4 µm for 50 h and 100 h, respectively). These changes represent average increases of 

23% and 25% for 50 h and 100 h, respectively. Given the inundation of the GDL with PA, and 

the greater mass transport losses seen in Figure 3. 3, it might appear counterintuitive that the 

average pore size increases for the operated cells. However, there is a wide PSD for the 

unoperated cells, including many small pores that are mainly filled in the operated cases, 

causing the median value to increase. Moreover, it is not just the pore size that is important, 

but also the connectivity and “constrictivity” of the pore throats that must be considered. It is 

also worth noting that although the solid phase r50 values for the “dry” fibres for both sides of 

both 0-h-samples are very similar (4.4-4.7 µm), much greater magnitude and variation is 

observed for both operated samples due to the inclusion of PA in the solid phase and its uneven 
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distribution across the two sides of the membrane. 

Table 3. 3. Summary of Pore cPSD results for Sample Set A 

Sample Electrode Pore r50 (µm) 
Mean Pore r50 

(µm) 
Top/Bot. Pore r50 (µm) 

0 h (01) 
Top 12.2 

12.4 0.98 
Bottom 12.5 

0 h (02) 
Top 13.2 

12.8 1.06 
Bottom 12.4 

0 h Mean 
Top 12.7 

12.6 ± 0.2 1.02 
Bottom 12.4 

50 h (01) 
Top 14.9 

15.2 0.97 
Bottom 15.4 

50 h (02) 
Top 15.4 

15.7 0.96 
Bottom 16.1 

50 h Mean 
Top 15.2 

15.5 ± 0.2 0.97 
Bottom 15.7 

100 h (01) 
Top 16.2 

15.4 1.11 
Bottom 14.6 

100 h (02) 
Top 15.5 

16.0 0.93 
Bottom 16.6 

100 h Mean 
Top 15.8 

15.7 ± 0.4 1.01 
Bottom 15.6 

 

The z-tortuosity factor (through-plane) results of the binarized GDL volumes are shown in 

Table 3. 4. Despite the increasing r50 upon operation, there is a significant increase in tortuosity 

factor from 4.5 ± 0.8 in 0-h-samples to 10.6 ± 3.2 in 50-h-samples. The mean pore τz of 

100-h-samples is also greater than in the unoperated cells but there is a significant difference 

between each GDL per sample. 
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Table 3. 4. Summary of z-tortuosity factor (τz) results for Sample Set A 

Sample Electrode Pore τz Connectivity Mean Pore τz Top/Bot. Pore τz 

0 h (01) 
Top 4.33 99.7% 

4.0 1.20 
Bottom 3.61 99.7% 

0 h (02) 
Top 4.42 99.6% 

5.0 0.81 
Bottom 5.49 99.8% 

0 h Mean 
Top 4.38 99.7% 

4.5 ± 0.4 0.96 
Bottom 4.55 99.8% 

50 h (01) 
Top 11.2 95.7% 

10.7 1.10 
Bottom 10.2 97.0% 

50 h (02) 
Top 6.53 95.6% 

10.4 0.46 
Bottom 14.3 95.9% 

50 h Mean 
Top 8.87 95.7% 

10.6 ± 1.6 0.72 
Bottom 12.3 96.5% 

100 h (01) 
Top 9.34 88.0% 

7.2 1.86 
Bottom 5.02 96.8% 

100 h (02) 
Top 11.5 88.8% 

7.2 3.90 
Bottom 2.95 98.6% 

100 h Mean 
Top 10.4 88.4% 

7.2 ± 2.0 2.61 
Bottom 3.99 97.8% 

 

Although the pore τz is approximately equal for both sides of both 0-h-samples, the variance in 

this value increases with operation time. The pore network in the 50 h (01) sample appears to 

have been uniformly hindered with PA distributed similarly on both sides, but despite a similar 

connectivity, the 50 h (02) sample is more severely affected by PA in the bottom electrode than 

the top. In 100-h-samples, there is an even larger discrepancy in the pore τz
 on either side of the 

membrane, and in this case, this is matched by a concomitant drop in connectivity. The 

increased resistance to gas permeation between the current collector side and the membrane 

side in one GDL of each of the 100-h-samples correlates with the increase in mass transport 

polarisation losses shown in Figure 3. 3c. 

3.6.2 Sample Set B 

To improve the statistical significance of the data collected, and by using a standard AST 

available in the recent literature [35], a second set of samples was investigated in quadruplicate.  

Electrochemical testing was performed both on the pristine cell (0 h) and after the 70-h of load 

cycling between 0.6 and 1.0 A.cm-2 of the same. Voltage readings were taken throughout, as 

well as measuring pre- (0 h) and post- (AST) polarisation curves, along with EIS and CV curves, 
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shown in Figure 3. 6. XCT samples were taken from the AST sample and compared with a 

separate 0 h sample made following the same procedure and material batch. 

 

Figure 3. 6. Electrochemical data pertaining to Sample Set B, (a) Voltage-time plot for the duration of operation; 

(b) Polarisation curves (black) and power density curves (red) for 0 h (line) and AST (dashed); (c) complex plane plot for 

before (black) and after (red) AST; (d) Cyclic voltammograms for before (black) and after (red) AST. 

 

A significant decline in performance is clearly observable in the voltage drop seen at either 

current density (Figure 3. 6a), 10 mV at 0.6 A.cm-2 and 16 mV at 1.0 A.cm-2 over ~70 h, similar 

in magnitude to the voltage drops observed in Sample Set A. All three ‘regimes’ in the 

polarisation curves (Figure 3. 6b) and in the magnitude of the semi-circular arcs in the complex 

plane plot (Figure 3. 6c) also signal significant performance degradation. The greater 

activation and mass transport losses seen in the polarisation curve are reflected in the 

emergence of an observable mid-frequency arc in the complex plane plot and an increase from 

a b 

c d 
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0.31 to 0.41 Ω.cm2 in overall polarisation resistance (~32% increase). There is minimal 

increase in the DC ohmic resistance (high-frequency intercept), which is thought to be due to 

more than sufficient PA doping in PBI such that a certain degree of PA leaching does not have 

a significant impact on the conductivity of the membrane. However, an ohmic loss increase is 

more apparent in the polarisation curve. This may be due to acid leaching and catalyst migration 

causing the dead region between catalyst layer and membrane to become larger, whilst the 

membrane resistance is only minimally impacted. 

The CV curves shown in Figure 3. 6d illustrate a small drop in ECSA, measured to be 

55.4 cm2.mg-1 in the 0 h cell and 50.0 cm2.mg-1 in the AST cell, representing a ~10% decrease, 

accounting for increased activation losses. The sum of charge transfer resistance and mass 

transfer resistance in the pristine cell is 0.29 Ω.cm2, very similar to that seen for Sample Set A 

(0.31 Ω.cm2), which increases to 0.38 Ω.cm2 after the AST, representing a ~31% increase. The 

membrane swelling, Pt migration and PA egress from the membrane (Figure 3. 7) qualitatively 

capture the correlation of microstructural change with these indicators of electrochemical 

performance decline. However, the degradation effects observed here are likely compound 

effects arising from multiple, independent degradation mechanisms. Unlike LT-PEFCs, which 

have established ASTs to target specific modes of degradation, HT-PEMFCs still lack 

standardised AST protocols. Thus, future work should aim to develop such targeted ASTs, 

which would allow for direct correlation between electrochemical degradation and 

morphological changes in the MEA components observed by X-ray CT.  
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Figure 3. 7. X-ray CT data pertaining to Sample Set B: Filtered XZ-orthoslices from (a), (c), (e), (g) 0 h tomograms; (b), (d), 

(f), (h) Corresponding segmented XZ-orthoslices from 0 h tomograms and from (i), (k), (m), (o) AST tomograms; (j), (l), (n), 

(p) Corresponding segmented XZ-orthoslices from AST tomograms. 
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The segmented volumes were analysed quantitatively, both globally and by a slice-by-slice 

method. The full results from this analysis are given in Table S3. 4 and a summary of the 

GDL/MPL (unoperated) and GDL/MPL/PA (operated) composite phase fractions are shown 

in Table 3. 3. Importantly, the average phase fraction for the PA-free carbonaceous phase is 

15.2 ± 0.4%, which is consistent with the value observed previously for Sample Set A 

0-h-samples (14.6 ± 0.4%), highlighting that the sample-to-sample variation is <5% (~0.6% in 

absolute phase fraction).  
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Table 3. 5. Global GDL/MPL/(PA) phase fractions from 0 h (unoperated) and AST (operated) cells, per electrode for each 

replicate and mean values 

Sample Electrode 
GDL/MPL/(PA) phase 

fraction 
Mean 

0 h (01) 
Anode 15.9% 

16.7% 
Cathode 17.5% 

0 h (02) 
Anode 15.5% 

15.1% 
Cathode 14.7% 

0 h (03) 
Anode 15.1% 

15.4% 
Cathode 15.7% 

0 h (04) 
Anode 13.8% 

13.8% 
Cathode 13.7% 

0 h Mean 
Anode 15.1% 

15.2 ± 0.4% 
Cathode 15.4% 

AST (01) 
Anode 20.1% 

21.3% 
Cathode 22.5% 

AST (02) 
Anode 25.3% 

24.0% 
Cathode 22.6% 

AST (03) 
Anode 22.6% 

23.2% 
Cathode 23.8% 

AST (04) 
Anode 21.8% 

22.2% 
Cathode 22.7% 

AST Mean 
Anode 22.4% 

22.7% ± 0.3% 
Cathode 22.9% 

 

The equivalent mean and standard error of the mean values for the AST samples were 22.7% 

and ~0.3%, demonstrating a significant filling of the porous region of the MPL and GDL with 

leached PA (almost one-third of the pore phase flooded). The mean difference between the two 

sets (7.4 ± 0.5%) represents an average volumetric increase of ~0.04 mm3 in each electrode, 

similar in magnitude to the lifetime testing of Sample Set A (0.05-0.06 mm3). It is perhaps 

surprising that this AST, which incorporates current cycling, leads to a similar amount of PA 

in the GDL/MPL as operating at a single current density for a similar number of hours (50-100 

versus 70 h); suggesting that there is a saturation limit, the current cycling has little added effect 

over operation time, or that switching between these two current densities has some 

compensatory effect [51]. More research is required at the flow-field level to understand if in 

fact the AST causes greater PA egress through the gas channels, whilst nevertheless leaving 
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similar residual PA in the porous electrodes. 

The results of areal slice-by-slice analysis are presented in Figure 3. 8. The average measured 

membrane thicknesses (FWHM) show a more pronounced increase than that observed in 

lifetime testing, from 44 ± 2 µm in 0-h-samples (Figure 3. 8 a,b,c,d) to 63 ± 1 µm in AST-

samples (Figure 3. 8 e,f,g,h), representing on average a 44% increase, far more significant than 

the internal variation in either case (see Table S3. 5). The irreversible swelling observed with 

this AST is greater in magnitude than the reversible swelling observed in early radiographic 

studies (20%) [19]. This observation is also contrary to the MEA shrinkage seen in early 

tomographic literature [25] and indeed implies a volumetric increase despite PA egress. 

Although only small changes in membrane thickness were detected in-situ by a distance sensor 

in recent work [35], the authors highlight that with the production of large amounts of water at 

high current densities, protolysis and PA dilution are expected. The impact of post-mortem 

electrochemical testing can be effectively ruled out since these are thought to result in a 

shrinkage [35], and the same electrochemical tests were carried out for the pristine and operated 

samples in this study.  However, due to the ex-situ nature of the investigation, forming small 

discs for X-ray CT investigation may allow MEA mechanical stresses built up during operation 

to be relieved by sample sectioning, leading to post-mortem deformation. This possibility will 

be further investigated by lab-based in-situ measurements in future work. 
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Figure 3. 8. Slice-by-slice plots for Sample Set B, showing the area fraction for each of the seven phases from the cathode 

(Layer 1) to the anode (Layer 506) for (a) 0 h (01); (b) 0 h (02); (c) 0 h (03); (d) 0 h (04); (e) AST (01); (f) AST (02); (g) AST 

(03); (h) AST (04). 
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The behaviour of the CL during the AST is also noteworthy. Given that membrane swelling 

likely accounts for between 14 and 24 µm, if CL migration behaviour during the AST matches 

the lifetime testing regime, an increase in inter-CL distance of the order of 38 – 48 µm is 

expected. Indeed, the average inter-CL peak distance in the 0-h- (Figure 3. 8 a,b,c,d) and AST-

samples (Figure 3. 8 e,f,g,h) is 54 ± 3 µm and 88 ± 3 µm, respectively, representing a change 

of between 28 and 41 µm. However, unlike for Sample Set A, the distances between CL peaks 

and the centre of the membrane are not the same for each electrode in Sample Set B, with a 

significantly greater migration of the cathode CL (50 µm) than the anode CL (37 µm) (see  

Table S3. 6), suggesting cathodic CL degradation may be greater than anodic CL degradation 

under the AST regime studied. This would, however, require a more in-depth EIS study or a 

3-electrode set-up to experimentally verify, which is beyond the scope of this work. 

With regards to PA migration into the MPL/GDL region, the eight samples present a coherent 

picture which is different from that observed during lifetime testing. In the unoperated cells 

(Figure 3. 8 a,b,c,d), there is a peak close to the membrane, after the CL, representing the 

denser MPL layer. After this, the carbonaceous phase fraction generally falls, averaging 

between 0.27 and 0.34 across all sides and all replicates (overall average 0.30, as for 

0-h-samples in Sample Set A). However, in the operated cells (Figure 3. 8 e,f,g,h), rather than 

the bimodal distribution seen in most electrodes in 50-h- and 100-h-samples, the AST samples 

present a single large peak at the location attributable to the MPL, without the secondary peak 

towards where the flow-fields had been. In fact, in all cases there is a depletion of PA as one 

moves further out from the initial MPL peak. This has been quantified in Table S3. 8 as the 

average phase fraction across the first and last 150 slices, where the GDL/MPL/(PA) phase 

fraction is increased from 0.30 to 0.42 in the GDL region (~41%), a smaller proportional 

increase versus the entire electrode change (~49%). This may indicate a larger build-up in the 

MPL region, but that perhaps the PA observed at the outer edges in the lifetime operated cells 
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had escaped via the flow-field, giving a similar residual increase in PA content. Such a 

hypothesis would require imaging of the flow-field and/or monitoring of the exhaust gases to 

confirm. 

cPSD and τz measurements were also performed on both electrodes of each sample, with the 

cPSD summary shown in Table 3. 6. First, the mean pore size (r50 = 12.6 ± 0.4 µm) compares 

very well with the unoperated cells in Sample Set A (r50 = 12.6 ± 0.2 µm), as is expected for 

these nominally equivalent cells. Again, it is clear there is very little discrepancy between each 

electrode in these pristine cells. However, there is a small pore size increase after AST, 

attributable to the greater filling of smaller pores. However, this effect is thought to be less 

pronounced than that seen during lifetime testing due to the greater concentration of egressed 

PA in the MPL region which is effectively removed from the analysed volumes here. Therefore, 

it is likely only the smaller number of small pores found in the GDL being filled that causes 

the observed change.  
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Table 3. 6. Summary of Pore cPSD results for Sample Set B 

Sample Electrode Pore r50 (µm) Mean Pore r50 (µm) An./Cat. Pore r50 (µm) 

0 h (01) Anode 12.0 11.9 1.01 

Cathode 11.8 

0 h (02) Anode 11.5 11.5 1.00 

Cathode 11.5 

0 h (03) Anode 11.7 13.8 1.01 

Cathode 11.6 

0 h (04) Anode 13.1 13.3 0.97 

Cathode 13.5 

0 h Mean Anode 12.6 12.6 ± 0.4 1.00 

Cathode 12.6 

AST (01) Anode 13.3 14.0 0.91 

Cathode 14.6 

AST (02) Anode 13.7 14.1 0.95 

Cathode 14.5 

AST (03) Anode 12.9 13.4 0.92 

Cathode 13.9 

AST (04) Anode 12.3 13.2 0.87 

Cathode 14.1 

AST Mean Anode 13.0 13.7 ± 0.3 0.91 

Cathode 14.3 

 

The final column of Table 3. 6 indicates that the average pore size is slightly larger on the 

cathode side than the anode side, although the interpretation of this result is best examined in 

conjunction with the tortuosity factor results shown in Table 3. 7. 

 

 

 

 

 

 

 

 



142 

 

Table 3. 7. Summary of z-tortuosity factor (τz) results for Sample Set B 

Sample Electrode Pore τz Connectivity Mean Pore τz Top/Bot. Pore τz 

0 h (01) 
Anode 3.34 99.6% 

3.2 1.07 
Cathode 3.11 99.5% 

0 h (02) 
Anode 3.06 99.7% 

3.0 1.05 
Cathode 2.92 99.7% 

0 h (03) 
Anode 2.55 99.9% 

2.8 0.84 
Cathode 3.02 99.8% 

0 h (04) 
Anode 2.86 99.9% 

2.7 1.13 
Cathode 2.52 99.9% 

0 h Mean 
Anode 2.95 99.7% 

2.9 ± 0.1 1.02 
Cathode 2.89 99.7% 

AST (01) 
Anode 3.92 96.9% 

3.6 1.21 
Cathode 3.20 97.8% 

AST (02) 
Anode 4.68 96.6% 

4.4 1.12 
Cathode 4.17 97.9% 

AST (03) 
Anode 5.13 97.9% 

4.8 1.17 
Cathode 4.38 97.4% 

AST (04) 
Anode 5.70 97.0% 

4.6 1.60 
Cathode 3.54 98.4% 

AST Mean 
Anode 4.85 97.1% 

4.3 ± 0.3 1.26 
Cathode 3.83 97.9% 

 

Indeed, a significant increase in tortuosity factor is observed, as well as a consistently higher 

tortuosity factor for the anode side. Importantly, if the binarized volume is allowed to extend 

any further towards the MPL region, it rises exponentially for all AST samples, again 

highlighting significant filling of the MPL. There is also lower connectivity in all AST cases 

than in the pristine cases, mostly marginally lower in the former on the anode side than the 

cathode side. From solely the quantity of PA in each GDL, this result would not be apparent, 

as in most cases the GDL/MPL/(PA) phase fraction is lower on the anode side. Nonetheless, 

the tortuosity factor calculations run on the binarized GDL layers suggest that either at the 

GDL/MPL and/or the GDL/flow-field interface, there is greater flooding of PA on the anode 

side than the cathode side, more greatly hindering gas transport on this electrode. Further 

investigation to probe the mechanism and establish whether "electrochemical pumping” in this 

direction is the dominant factor will be the focus of future work.  

3.7 Conclusions 

Lifetime and accelerated stress testing of HT-PEMFCs have been undertaken, correlating their 
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microstructure and electrochemical performance by combining lab-based X-ray micro-CT and 

machine-learning segmentation. Statistically significant changes in the membrane, CL and 

MPL/GDL, particularly in regard to PA leaching, can be detected and well-characterised 

without a synchrotron. Although the low-flux, polychromatic lab-source precludes direct 

ex-situ determination of PA location, a multi-sample approach allows ready access to data that 

can be reliably segmented to yield insights into global and layer-by-layer PA distribution. The 

following conclusions can be drawn: 

i. A laser micro-machining sample preparation route has been developed that can be 

implemented to provide sufficiently small discs to yield adequate image quality for 

reliable segmentation by a novel machine-learning based approach. By careful selection 

of milling parameters, MEA orientation can be retained, giving rise to greater insights 

into PA leaching anisotropy. 

ii. High-fidelity segmented volumes allow for analysis of membrane width, Pt catalyst 

migration, PA leaching and concomitant changes in the pore networks. 

iii. Duplicate lifetime testing shows that the quantity of GDL/MPL-held PA was little 

changed between 50 h and 100 h, corroborating reports that a steady-state is established 

within the first few hours. Nonetheless, PA re-distribution likely continues on the order 

of tens of hours, leading to non-uniform filling. Observed mass transfer polarisation 

losses correlate well with the recorded microstructural change. 

iv. Slice-by-slice analysis of the volumes operated at constant current density identified a 

bimodal distribution of leached PA, with maxima in the MPL region and towards the 

outer GDL edge, towards where the flow-fields had been. cPSD and tortuosity factor 

analysis suggested that smaller pores were filled preferentially, and that with longer 

operation, a greater disparity in pore network connectivity and tortuosity factor between 

the two electrodes evolved.  
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v. Quadruplicate accelerated stress testing showed a similar quantity of leached PA 

residing in the GDL but with a single, larger maximum at the MPL. This concentration 

of PA served as a greater barrier to gas transport than the similar quantity of PA in the 

other tests, resulting in a more significant mass transfer polarisation loss. 

vi. cPSD analysis of the GDL region highlighted a less pronounced filling of smaller pores 

but importantly the z-tortuosity factor was observed to increase, and pore connectivity 

to decrease, after the AST.  

vii. It was also observed that the AST had a much more pronounced impact on membrane 

swelling and led to less uniform Pt migration across electrodes. However, as discussed 

in relation to the electrochemical results of Sample Set B, the AST used here likely 

results in several degradation mechanisms occurring at once. Thus, we stress the need 

to create standardised, targeted ASTs that are specific to each degradation mechanism 

and timescale, which would allow for better correlation between electrochemical 

degradation and changes in MEA morphology observed by X-ray CT.   

It is hoped that more research will focus not only on improving the statistical robustness of 

X-ray CT measurements in electrochemical devices, but that this study has also underlined that 

a greater understanding of how PA re-distributes within and exits a real cell will help in the 

design of improved HT-PEMFCs. Indeed, the platform developed here has been applied to the 

application of a PA leaching mitigation approach, which will be the focus of a follow-up 

publication. 

3.8 Acknowledgements 

This work has been financially supported by the UK Research Council EPSRC [EP/009050/1], 

and JH also acknowledges the EPSRC for her Fellowship [EP/T517793/1]. 



145 

 

3.9 References: 

[1] J.S. Wainright, J. ‐T. Wang, D. Weng, R.F. Savinell, M. Litt, Acid‐Doped 

Polybenzimidazoles: A New Polymer Electrolyte, Journal of The Electrochemical 

Society. 142 (1995) L121–L123. https://doi.org/10.1149/1.2044337. 

[2] Q. Li, J.O. Jensen, R.F. Savinell, N.J. Bjerrum, High temperature proton exchange 

membranes based on polybenzimidazoles for fuel cells, Progress in Polymer Science. 

34 (2009) 449–477. https://doi.org/10.1016/J.PROGPOLYMSCI.2008.12.003. 

[3] Q. Li, R. He, J.-A. Gao, J.O. Jensen, N.J. Bjerrum, The CO Poisoning Effect in PEMFCs 

Operational at Temperatures up to 200°C, Journal of The Electrochemical Society. 150 

(2003) A1599. https://doi.org/10.1149/1.1619984. 

[4] Q. He, X. Yang, W. Chen, S. Mukerjee, B. Koel, S. Chen, Influence of phosphate anion 

adsorption on the kinetics of oxygen electroreduction on low index Pt(hkl) single 

crystals, Physical Chemistry Chemical Physics. 12 (2010) 12544–12555. 

https://doi.org/10.1039/C0CP00433B. 

[5] A. Kamat, M. Herrmann, D. Ternes, O. Klein, U. Krewer, S. Scholl, Experimental 

investigations into phosphoric acid adsorption on platinum catalysts in a high 

temperature PEM Fuel cell, Fuel Cells. 11 (2011) 511–517. 

https://doi.org/10.1002/fuce.201000102. 

[6] R. Zeis, Materials and characterization techniques for high-temperature polymer 

electrolyte membrane fuel cells, Beilstein Journal of Nanotechnology. 6 (2015) 68–83. 

https://doi.org/10.3762/bjnano.6.8. 

[7] C. Wannek, I. Konradi, J. Mergel, W. Lehnert, Redistribution of phosphoric acid in 

membrane electrode assemblies for high-temperature polymer electrolyte fuel cells, 



146 

 

International Journal of Hydrogen Energy. 34 (2009) 9479–9485. 

https://doi.org/10.1016/j.ijhydene.2009.09.076. 

[8] R. Bouchet, E. Siebert, Proton conduction in acid doped polybenzimidazole, Solid State 

Ionics. 118 (1999) 287–299. https://doi.org/10.1016/s0167-2738(98)00466-4. 

[9] K.A. Perry, K.L. More, E.A. Payzant, R.A. Meisner, B.G. Sumpter, B.C. Benicewicz, A 

comparative study of phosphoric acid-doped m-PBI membranes, Journal of Polymer 

Science Part B: Polymer Physics. 52 (2014) 26–35. 

https://doi.org/10.1002/POLB.23403. 

[10] J. Chen, M. Perez-Page, Z. Ji, Z. Zhang, Z. Guo, S. Holmes, One step electrochemical 

exfoliation of natural graphite flakes into graphene oxide for polybenzimidazole 

composite membranes giving enhanced performance in high temperature fuel cells, 

Journal of Power Sources. 491 (2021) 229550. 

https://doi.org/10.1016/j.jpowsour.2021.229550. 

[11] N. Üregen, K. Pehlivanoğlu, Y. Özdemir, Y. Devrim, Development of 

polybenzimidazole/graphene oxide composite membranes for high temperature PEM 

fuel cells, International Journal of Hydrogen Energy. 42 (2017) 2636–2647. 

https://doi.org/10.1016/j.ijhydene.2016.07.009. 

[12] C. Korte, Phosphoric Acid, an Electrolyte for Fuel Cells – Temperature and Composition 

Dependence of Vapor Pressure and Proton Conductivity, in: D.S. and B. Emonts (Ed.), 

Fuel Cell Science and Engineering: Materials, Processes, Systems and Technology, 

Wiley-VCH GmbH & Co. KGaA, Weinheim, Germany, 2012: pp. 335–359. 

[13] Y. Oono, A. Sounai, M. Hori, Influence of the phosphoric acid-doping level in a 

polybenzimidazole membrane on the cell performance of high-temperature proton 

exchange membrane fuel cells, Journal of Power Sources. 189 (2009) 943–949. 



147 

 

https://doi.org/10.1016/j.jpowsour.2008.12.115. 

[14] K. Kwon, T.Y. Kim, D.Y. Yoo, S.G. Hong, J.O. Park, Maximization of high-

temperature proton exchange membrane fuel cell performance with the optimum 

distribution of phosphoric acid, Journal of Power Sources. 188 (2009) 463–467. 

https://doi.org/10.1016/j.jpowsour.2008.11.104. 

[15] K. Wippermann, C. Wannek, H.F. Oetjen, J. Mergel, W. Lehnert, Cell resistances of 

poly(2,5-benzimidazole)-based high temperature polymer membrane fuel cell 

membrane electrode assemblies: Time dependence and influence of operating 

parameters, Journal of Power Sources. 195 (2010) 2806–2809. 

https://doi.org/10.1016/j.jpowsour.2009.10.100. 

[16] S. Galbiati, A. Baricci, A. Casalegno, R. Marchesi, Sensitivity analysis of a 

polybenzimidazole-based polymer fuel cell and insight into the effect of humidification 

Samuele, INTERNATIONAL JOURNAL OF ENERGY RESEARCH. 38 (2014) 780–

790. https://doi.org/10.1002/er. 

[17] N. Pilinski, M. Rastedt, P. Wagner, Investigation of Phosphoric Acid Distribution in PBI 

Based HT-PEM Fuel Cells, ECS Transactions. 69 (2015) 323–335. 

https://doi.org/10.1149/06917.0323ecst. 

[18] K. Kwon, J.O. Park, D.Y. Yoo, J.S. Yi, Phosphoric acid distribution in the membrane 

electrode assembly of high temperature proton exchange membrane fuel cells, 

Electrochimica Acta. 54 (2009) 6570–6575. 

https://doi.org/10.1016/j.electacta.2009.06.031. 

[19] W. Maier, T. Arlt, C. Wannek, I. Manke, H. Riesemeier, P. Krüger, J. Scholta, W. 

Lehnert, J. Banhart, D. Stolten, In-situ synchrotron X-ray radiography on high 

temperature polymer electrolyte fuel cells, Electrochemistry Communications. 12 (2010) 



148 

 

1436–1438. https://doi.org/10.1016/j.elecom.2010.08.002. 

[20] W. Maier, T. Arlt, K. Wippermann, C. Wannek, I. Manke, W. Lehnert, D. Stolten, 

Investigation of HT-PEMFCs by means of synchrotron X-ray radiography and 

electrochemical impedance spectroscopy, ECS Transactions. 41 (2011) 1413–1422. 

https://doi.org/10.1149/1.3635672. 

[21] R. Kuhn, J. Scholta, P. Krüger, C. Hartnig, W. Lehnert, T. Arlt, I. Manke, Measuring 

device for synchrotron X-ray imaging and first results of high temperature polymer 

electrolyte membrane fuel cells, Journal of Power Sources. 196 (2011) 5231–5239. 

https://doi.org/10.1016/j.jpowsour.2010.11.025. 

[22] W. Maier, T. Arlt, K. Wippermann, C. Wannek, I. Manke, W. Lehnert, D. Stolten, 

Correlation of synchrotron X-ray radiography and electrochemical impedance 

spectroscopy for the investigation of HT-PEMFCs, Journal of the Electrochemical 

Society. 159 (2012) F398–F404. https://doi.org/10.1149/2.024208jes. 

[23] A. Tobias, M. Wiebke, C. Tötzke, C. Wannek, H. Markötter, F. Wieder, J. Banhart, W. 

Lehnert, I. Manke, Synchrotron X-ray radioscopic in situ study of high-temperature 

polymer electrolyte fuel cells - Effect of operation conditions on structure of membrane, 

Journal of Power Sources. 246 (2014) 290–298. 

https://doi.org/10.1016/j.jpowsour.2013.07.094. 

[24] S.H. Eberhardt, F. Marone, M. Stampanoni, F.N. Büchi, T.J. Schmidt, Quantifying 

phosphoric acid in high-temperature polymer electrolyte fuel cell components by X-ray 

tomographic microscopy, Journal of Synchrotron Radiation. 21 (2014) 1319–1326. 

https://doi.org/10.1107/S1600577514016348. 

[25] S.H. Eberhardt, M. Toulec, F. Marone, M. Stampanoni, F.N. Büchi, T.J. Schmidt, 

Dynamic Operation of HT-PEMFC: In-Operando Imaging of Phosphoric Acid Profiles 



149 

 

and (Re)distribution, Journal of The Electrochemical Society. 162 (2015) F310–F316. 

https://doi.org/10.1149/2.0751503jes. 

[26] H.R. Kunz, Lessons Learned from Phosphoric Acid Electrolyte Fuel Cell Development 

Pertinent to PEMFCs, ECS Transactions. 11 (2019) 1447–1460. 

https://doi.org/10.1149/1.2781058. 

[27] J. Halter, F. Marone, T.J. Schmidt, Breaking through the Cracks : On the Mechanism of 

Phosphoric Acid Migration in High Temperature Polymer Electrolyte Fuel, 165 (2018) 

1176–1183. https://doi.org/10.1149/2.0501814jes. 

[28] S. Chevalier, M. Fazeli, F. Mack, S. Galbiati, I.T.D. If, A. Bazylak, R. Zeis, Role of the 

microporous layer in the redistribution of phosphoric acid in high temperature PEM fuel 

cell gas diffusion electrodes, Electrochimica Acta. 212 (2016) 187–194. 

https://doi.org/10.1016/j.electacta.2016.06.121. 

[29] J. Gostick, M. Aghighi, J. Hinebaugh, T. Tranter, M.A. Hoeh, H. Day, B. Spellacy, M.H. 

Sharqawy, A. Bazylak, A. Burns, W. Lehnert, A. Putz, OpenPNM: A Pore Network 

Modeling Package, Computing in Science and Engineering. 18 (2016) 60–74. 

https://doi.org/10.1109/MCSE.2016.49. 

[30] D. Wilkinson, J.F. Willemsen, Invasion percolation: A new form of percolation theory, 

Journal of Physics A: Mathematical and General. 16 (1983) 3365–3376. 

https://doi.org/10.1088/0305-4470/16/14/028. 

[31] L. Vásárhelyi, Z. Kónya, Kukovecz, R. Vajtai, Microcomputed tomography–based 

characterization of advanced materials: a review, Materials Today Advances. 8 (2020) 

1–13. https://doi.org/10.1016/j.mtadv.2020.100084. 

[32] S. Carmignato, W. Dewulf, R. Leach, Industrial X-ray computed tomography, 2017. 



150 

 

https://doi.org/10.1007/978-3-319-59573-3. 

[33] V. Cnudde, B. Masschaele, M. Dierick, J. Vlassenbroeck, L. Van Hoorebeke, P. Jacobs, 

Recent progress in X-ray CT as a geosciences tool, Applied Geochemistry. 21 (2006) 

826–832. https://doi.org/10.1016/j.apgeochem.2006.02.010. 

[34] F. Mack, M. Klages, J. Scholta, L. Jörissen, T. Morawietz, R. Hiesgen, D. Kramer, R. 

Zeis, Morphology studies on high-temperature polymer electrolyte membrane fuel cell 

electrodes, Journal of Power Sources. 255 (2014) 431–438. 

https://doi.org/10.1016/j.jpowsour.2014.01.032. 

[35] D. Schonvogel, M. Rastedt, P. Wagner, M. Wark, A. Dyck, Impact of Accelerated Stress 

Tests on High Temperature PEMFC Degradation, Fuel Cells. 16 (2016) 480–489. 

https://doi.org/10.1002/fuce.201500160. 

[36] J. Halter, T. Gloor, B. Amoroso, T.J. Schmidt, F.N. Büchi, Wetting properties of porous 

high temperature polymer electrolyte fuel cells materials with phosphoric acid, Physical 

Chemistry Chemical Physics. 21 (2019) 13126–13134. 

https://doi.org/10.1039/c9cp02149c. 

[37] J. Halter, N. Bevilacqua, R. Zeis, T.J. Schmidt, F.N. Büchi, The impact of the catalyst 

layer structure on phosphoric acid migration in HT-PEMFC – An operando X-ray 

tomographic microscopy study, Journal of Electroanalytical Chemistry. 859 (2020) 

113832. https://doi.org/10.1016/j.jelechem.2020.113832. 

[38] J. Hack, P.A. García-Salaberri, M.D.R. Kok, R. Jervis, P.R. Shearing, N. Brandon, D.J.L. 

Brett, X-ray Micro-Computed Tomography of Polymer Electrolyte Fuel Cells: What is 

the Representative Elementary Area?, Journal of The Electrochemical Society. 167 

(2020) 013545. https://doi.org/10.1149/1945-7111/ab6983. 



151 

 

[39] I. V. Zenyuk, D.Y. Parkinson, L.G. Connolly, A.Z. Weber, Gas-diffusion-layer 

structural properties under compression via X-ray tomography, Journal of Power 

Sources. 328 (2016) 364–376. https://doi.org/10.1016/j.jpowsour.2016.08.020. 

[40] K. Yezerska, A. Dushina, F. Liu, M. Rastedt, P. Wagner, A. Dyck, M. Wark, 

Characterization methodology for anode starvation in HT-PEM fuel cells, International 

Journal of Hydrogen Energy. 44 (2019) 18330–18339. 

https://doi.org/10.1016/j.ijhydene.2019.05.114. 

[41] L.A. Feldkamp, L.C. Davis, J.W. Kress, Practical cone-beam algorithm, J. Opt. Soc. Am. 

A. 1 (1984) 612–619. https://doi.org/10.1364/JOSAA.1.000612. 

[42] C. Sommer, C. Straehle, U. Kothe, F.A. Hamprecht, Ilastik: Interactive learning and 

segmentation toolkit, Proceedings - International Symposium on Biomedical Imaging. 

(2011) 230–233. https://doi.org/10.1109/ISBI.2011.5872394. 

[43] T.F. Scientific, Avizo Software 9 User’s Guide, 2018. 

[44] J. Halter, N. Bevilacqua, R. Zeis, T.J. Schmidt, F.N. Büchi, The impact of the catalyst 

layer structure on phosphoric acid migration in HT-PEMFC – An operando X-ray 

tomographic microscopy study, Journal of Electroanalytical Chemistry. (2020) 113832. 

https://doi.org/10.1016/j.jelechem.2020.113832. 

[45] S.J. Cooper, A. Bertei, P.R. Shearing, J.A. Kilner, N.P. Brandon, TauFactor: An open-

source application for calculating tortuosity factors from tomographic data, SoftwareX. 

5 (2016) 203–210. https://doi.org/10.1016/j.softx.2016.09.002. 

[46] B. Münch, L. Holzer, Contradicting Geometrical Concepts in Pore Size Analysis 

Attained with Electron Microscopy and Mercury Intrusion, Journal of the American 

Ceramic Society. 91 (2008) 4059–4067. https://doi.org/10.1111/j.1551-



152 

 

2916.2008.02736.x. 

[47] DoE Fuel Cell Targets, (2020). 

[48] S. Yu, L. Xiao, B.C. Benicewicz, Durability Studies of PBI-based High Temperature 

PEMFCs, Fuel Cells. 8 (2008) 165–174. https://doi.org/10.1002/FUCE.200800024. 

[49] C. Wannek, B. Kohnen, H.F. Oetjen, H. Lippert, J. Mergel, Durability of ABPBI-based 

MEAs for high temperature PEMFCs at different operating conditions, Fuel Cells. 8 

(2008) 87–95. https://doi.org/10.1002/fuce.200700059. 

[50] L. Xiao, H. Zhang, E. Scanlon, L.S. Ramanathan, E.W. Choe, D. Rogers, T. Apple, B.C. 

Benicewicz, High-temperature polybenzimidazole fuel cell membranes via a sol-gel 

process, Chemistry of Materials. 17 (2005) 5328–5333. 

https://doi.org/10.1021/cm050831+. 

[51] J. Halter, S. Thomas, S.K. Kær, T.J. Schmidt, F.N. Büchi, The influence of phosphoric 

acid migration on the performance of high temperature polymer electrolyte fuel cells, 

Journal of Power Sources. 399 (2018) 151–156. 

https://doi.org/10.1016/j.jpowsour.2018.07.090. 

 

 

 



153 

 

3.10 Supplementary Information 

3.10.1 Supplementary Figures 

 
Figure S3. 1. Volume renderings (a,b) and XZ-orthoslices (c,d) from raw tomograms of (a,c) disc cut by hole punch and (b,d) 

disc cut by laser milling. All scalebars denote 200 µm. 
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Figure S3. 2. (a) CAD drawing for 3D-printed chuck piece; (b) Photograph of assembled jig clamped in chuck of X-ray CT 

sample holder; (c) CAD drawing for 3D-printed sample disc holder 
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Figure S3. 3. Raw XZ-orthoslices from a, b) 0 h; c, d) 50 h; e, f) 100 h tomograms 
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Figure S3. 4. Raw XZ-orthoslices from a, b c, d) 0 h; e, f, g, h) AST tomograms. 
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Figure S3. 5. Single orthoslices from tomogram of Sample Set A 0h-sample, (a) raw image; (b) filtered image; (c) segmented 

image. 

a 

b 
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Figure S3. 6. Central XZ-orthoslice from Sample Set A 0h sample showing (a) the initial training input; (b) the initial proposed 

segmentation (under-segmentation marked with red arrows); (c) additional training data added (main additions marked with 

blue arrows); (d) updated segmentation (highlighting improvements with white arrows) 
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Figure S3. 7. Plot of GDL/MPL/(PA) phase fraction for Sample Set A, for two sides of each sample 
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Figure S3. 8. Plot of GDL/MPL/(PA) phase fraction for Sample Set B, for anode and cathode sides of each sample
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3.10.2 Supplementary Tables  

Table S3. 1. Full list of  X-ray CT acquisition parameters in this study 

Batch Sub-sample Cutting 
Sample 

diameter 

X-ray 

voltage 

X-ray 

power 
Binning 

Voxel 

dimension 

Exposure 

time 

Projection 

# 

Scan 

time 

unit   mm kV W - µm s - h 

Half Cell Tests 0 h Manual 1.5 80 7 1 1.09 8 801 1.8 

Half Cell Tests 0 h Laser 1.5 80 7 1 1.09 8 801 1.8 

Half Cell Tests 85 wt% PA Laser 1.5 80 7 1 1.09 8 801 1.8 

Sample Set A 0 h_1 Laser 1.5 60 5 1 0.95 14 1101 4.3 

Sample Set A 0 h_2 Laser 1.5 60 5 1 0.95 14 1101 4.3 

Sample Set A 48 h_1 Laser 1.5 60 5 1 0.95 14 1101 4.3 

Sample Set A 48 h_2 Laser 1.5 60 5 1 0.95 14 1101 4.3 

Sample Set A 100 h_1 Laser 1.5 60 5 1 0.95 14 1101 4.3 

Sample Set A 100 h_2 Laser 1.5 60 5 1 0.95 14 1101 4.3 

Sample Set B 0 h_1 Laser 2.0 40 3 1 1.01 25 401 2.8 

Sample Set B 0 h_2 Laser 2.0 40 3 1 1.01 25 401 2.8 

Sample Set B 0 h_3 Laser 2.0 40 3 1 1.01 25 401 2.8 

Sample Set B 0 h_4 Laser 2.0 40 3 1 1.01 25 401 2.8 

Sample Set B AST_1 Laser 2.0 50 4 1 1.01 25 501 3.5 

Sample Set B AST_2 Laser 2.0 50 4 1 1.01 25 501 3.5 

Sample Set B AST_3 Laser 2.0 50 4 1 1.01 25 501 3.5 

Sample Set B AST_4 Laser 2.0 50 4 1 1.01 25 501 3.5 
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Table S3. 2. Phase fractions for each of the seven phases for Sample Set A 

Phase 
Phase Fraction (%) for Sample Set A 

0 h (01) 0 h (02) 0 h Mean 50 h (01) 50 h (02) 50 h Mean 100 0h (01) 100 h (02) 100 h Mean 

Top CL 5.2 3.3 4.3 5.5 7.2 6.4 6.3 6.8 6.5 

Top GDL/MPL/(PA) 15.5 15.1 15.3 25.0 22.3 23.7 29.0 28.4 28.7 

Top PORE 26.5 28.2 27.4 13.3 14.0 13.7 9.8 9.7 9.8 

MEMBRANE 8.7 9.4 9.0 9.3 9.9 9.6 10.7 10.2 10.4 

Bottom PORE 26.4 25.1 25.8 14.2 10.4 12.3 14.1 18.2 16.2 

Bottom 

GDL/MPL/(PA) 
13.8 14.2 14.0 26.4 29.6 28.0 22.0 19.1 20.5 

Bottom CL 4.0 4.7 4.3 6.2 6.5 6.3 8.2 7.5 7.9 
 

Table S3. 3. GDL.MPL/(PA) phase fractions for outer 150 layers of Sample Set A (representing global GDL results) 

Electrode 
GDL/MPL/(PA) Phase Fraction 

0 h (01) 0 h (02) 0 h Mean 50 h (01) 50 h (02) 50 h Mean 100 h (01) 100 h (02) 100 h Mean 

Top 0.31 0.29 

0.30 ± 0.02 

0.56 0.46 

0.55 ± 0.07 

0.66 0.68 

0.55 ± 0.14 Bottom 0.29 0.32 0.55 0.63 0.46 0.40 

Mean 0.30 0.31 0.55 0.54 0.56 0.54 
 

Table S3. 4. All measurements from slice-by-slice analysis of Sample Set A 

Sample 
Membrane thickness Mean per sample Distance between CL peaks Mean per sample 

(µm) (µm) (µm) (µm) 

0 h (01) 45 
47 ± 3 

61 
67 ± 8 

0 h (02) 48 72 

50 h (01) 49 
50 ± 1 

83 
90 ± 11 

50 h (02) 51 98 

100 h (01) 55 
54 ± 2 

94 
90 ± 5 

100 h (02) 52 86 
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Table S3. 5. All cPSD measurements for Sample Set A 

Sample Electrode Phase r50 (µm) Mean Pore r50 (µm) Top/Bottom Pore r50 (µm) 

0 h (01) 

Top 
Pore 12.2 

12.4 0.98 
Solid 4.42 

Bottom 
Pore 12.5 

Solid 4.44 

0 h (02) 

Top 
Pore 13.2 

12.8 1.06 
Solid 4.73 

Bottom 
Pore 12.4 

Solid 4.48 

0 h mean 

Top 
Pore 12.7 

12.6 1.02 
Solid 4.57 

Bottom 
Pore 12.5 

Solid 4.46 

50 h (01) 

Top 
Pore 14.9 

15.2 0.97 
Solid 14.1 

Bottom 
Pore 15.4 

Solid 15.3 

50 h (02) 

Top 
Pore 15.4 

15.7 0.96 
Solid 14.3 

Bottom 
Pore 16.1 

Solid 28.7 

50 h mean 

Top 
Pore 15.2 

15.5 0.97 
Solid 14.2 

Bottom 
Pore 15.7 

Solid 22.0 

100 h (01) 

Top 
Pore 16.2 

15.4 1.11 
Solid 23.0 

Bottom 
Pore 14.6 

Solid 10.0 

100 h (02) 

Top 
Pore 15.5 

16.0 0.93 
Solid 20.5 

Bottom 
Pore 16.6 

Solid 10.9 

100 h mean 

Top 
Pore 15.8 

15.7 1.01 
Solid 21.8 

Bottom 
Pore 15.6 

Solid 10.5 
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Table S3. 6. Phase fractions for each of the seven phases for Sample Set B 

Phase 

Phase fraction (%) for Sample Set B 

0 h (01) 0 h (02) 0 h (03) 0 h (04) 0 h Mean 
AST 

(01) 

AST 

(02) 

AST 

(03) 

AST 

(04) 

AST 

Mean 

Anode CL 2.9 3.8 2.8 3.2 3.2 5.0 4.8 3.8 5.9 4.5 

Anode GDL/MPL/(PA) 15.9 15.5 15.1 13.8 15.1 20.1 25.3 22.6 21.8 21.0 

Anode PORE 27.1 26.7 28.0 28.9 27.7 17.7 15.3 17.1 15.2 18.6 

MEMBRANE 7.9 8.0 9.2 9.0 8.5 12.3 12.5 11.7 12.1 11.4 

Cathode PORE 24.7 28.2 26.3 28.6 26.9 17.2 14.6 17.8 17.2 18.7 

Cathode GDL/MPL/(PA) 17.5 14.7 15.7 13.7 15.4 22.5 22.6 23.8 22.7 21.4 

Cathode CL 3.9 3.1 2.9 2.7 3.2 5.2 4.8 3.2 5.2 4.3 

 

 

 

Table S3. 7. Summary of measurements from slice-by-slice analysis of Sample Set B 

Sample 
Membrane thickness Mean per sample Distance between CL peaks Mean per sample 

(µm) (µm) (µm) (µm) 

0 h (01) 40 

44 ± 2 

52 

54 ± 1 
0 h (02) 41 52 

0 h (03) 46 57 

0 h (04) 46 56 

AST (01) 64 

63 ± 1 

85 

88 ± 2 
AST (02) 65 92 

AST (03) 61 86 

AST (04) 63 88 
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Table S3. 8. Average CL-Membrane distances for each electrode and each sample 

Sample Set Sample Electrode Average Membrane Centre - CL Peak distance (µm) Mean per sample (µm) 

A 

0 h 
Top 35 ± 4 

33 ± 8 
Bottom 31 ± 4 

50 h 
Top 43 ± 9 

45 ± 11 
Bottom 48 ± 1 

100 h 
Top 45 ± 1 

45 ± 7 
Bottom 45 ± 6 

B 

0 h 
Anode 27 ± 4 

27 ± 7 
Cathode 27 ± 4 

AST 

Anode 50 ± 5 

44 ± 8 Cathode 37 ± 3 

 

Table S3. 9. GDL.MPL/(PA) phase fractions for outer 150 layers of Sample Set B (representing global GDL results) 

Sample Cathode Anode Average 

0 h (01) 0.34 0.30 0.32 

0 h (02) 0.31 0.28 0.30 

0 h (03) 0.32 0.29 0.31 

0 h (04) 0.28 0.27 0.27 

0 h Mean 0.31 0.28 0.30 

AST (01) 0.40 0.36 0.38 

AST (02) 0.48 0.48 0.48 

AST (03) 0.41 0.41 0.41 

AST (04) 0.41 0.41 0.41 

AST Mean 0.43 0.42 0.42 
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4. The Performance and Durability of High-temperature Proton Exchange Membrane 

Fuel Cells Enhanced by Single-layer Graphene 

4.1 Manuscript Contribution 

The results presented in Chapter 4 are reported in the publication “The performance and 

durability of high-temperature proton exchange membrane fuel cells enhanced by single-layer 

graphene, Nano Energy. 93 (2022) 106829. https://doi.org/10.1016/J.NANOEN.2021.106829.” 

My contributions in this work are as follows: 

Investigation: Propose the concept of monolayer graphene to control phosphoric acid leaching 

based on the characteristics of graphene and phosphoric acid migration in high-temperature 

hydrogen proton exchange membrane fuel cells. 

Methodology: Preparation of polybenzimidazole membranes. Preparation, electrochemical 

performance testing, and durability testing of pristine membrane-electrode-assembly based on 

pure polybenzimidazole membrane and sing layer graphene-loaded MEAs at a different 

position.  

Formal analysis: Evaluation of single-layer graphene coverage on electrodes by Raman 

spectroscopy mapping. Process and analyze electrochemical characterization results including 

polarization curves, Nyquist curves, cyclic voltammetry curves and linear sweep voltammetry 

curves.  Process X-ray micro-computed tomography data and focus primarily on slice-by-slice 

segmentations. 

Writing-original: Writing of the original draft of manuscript. 

Full author list:  Jianuo Chen, Josh J. Bailey, Liam Britnell, Maria Perez-Page, Madhumita 

Sahoo, Zhe Zhang, Andrew Strudwick, Jennifer Hack, Zunmin Guo, Zhaoqi Ji, Philip Martin, 

Dan J.L. Brett, Paul R. Shearing, Stuart M. Holmes 
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Authors contribution: 

Josh J. Bailey: Methodology (perform X-ray micro-computed tomography), formal analysis 

(machine learning), writing- review & editing 

Liam Britnell:  Methodology (transfer of single layer graphene between different substrate) 

Maria Perez-Page: Project administration, writing-review & editing  

Madhumita Sahoo: Project administration, writing-review & editing 

Zhe Zhang: Methodology (Raman spectroscopy and mapping) 

Andrew Strudwick: Methodology (growth of single layer graphene on copper foil) 

Jennifer Hack: Methodology (perform X-ray micro-computed tomography), formal analysis 

(continuous pore size distributions and tortuosity factor analysis) 

Zunmin Guo: Methodology (electrochemical performance testing) 

Zhaoqi Ji: Methodology (electrochemical performance testing) 

Philip Martin: Supervision, writing-review editing 

Dan J.L. Brett: Supervision, writing-review editing 

Paul R Shearing: Supervision, writing-review editing 

Stuart M. Holmes: Supervision, project administration, funding acquisition, writing-review 

editing. 

2211-2855/© 2021 Elsevier Ltd. All rights reserved. 
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4.2 Abstract 

Single-layer graphene (SLG) obtained by chemical vapour deposition is applied between 

membrane and electrodes by a wet chemical transfer method to study its effect on the 

performance and durability of polybenzimidazole membranes in high-temperature proton 

exchange membrane fuel cells (HT-PEMFCs). After accelerated stress testing (AST), the 

membrane electrode assembly (MEA) loaded with SLG at different positions exhibits higher 

peak power density, lower electrode resistances, and larger electrochemical active surface area 

than pure polybenzimidazole membranes with high phosphoric acid doping levels. The peak 

power density of the MEAs with both cathode and anode loaded with SLG is 480 mW cm-2 

after AST, while those based on pure membranes is 249 mW cm-2. Lab-based X-ray micro-

computed tomography combined with Raman spectroscopic mapping was applied for the first 

time to study the effect of SLG on controlling phosphoric acid leaching. In addition, samples 

containing SLG on an ultra-thin membrane (7.5 µm) were also tested to explore its influence 

on hydrogen crossover. After 100 hours of galvanostatic discharging, the hydrogen crossover 

of samples loaded with single-layer graphene on the anode does not exceed 1.75×10−4 mol s-1, 

which is much lower than that of MEAs made using pure ultra-thin membranes (8.16×10−4 mol 

s-1). 

4.3 Keywords 

Single-layer graphene; high-temperature fuel cells; chemical vapour deposition; X-ray micro-

computed tomography; phosphoric acid leaching 
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4.4 Introduction 

Graphene is a two-dimensional carbon nanomaterial with a hexagonal lattice structure [1]. 

Single-layer graphene (SLG) can block the penetration of almost all molecules and atoms 

including hydrogen atoms under ambient conditions [2]. Unlike its atomic form, hydrogen ions 

can easily penetrate graphene with a low tunnelling barrier giving SLG a high proton 

conductivity. The barrier to proton transport through graphene could be lower than 1.2–2.2 eV, 

and the resistivity of SLG to proton can be lower than 10-3 Ω cm2 when the temperature reaches 

250℃ [3][4]. In addition, catalytic metal nanoparticles may enhance the proton transport 

capability of graphene by virtue of their high affinity for protons [2]. The presence of SLG is 

extremely minor, even negligible, to weaken the proton conductivity of the proton exchange 

membrane [5][6][7]. Protons can form an intermediate case between the electrons and atoms 

of graphene to pass through by simply tunnel [3] [8]. Transmembrane proton transport is driven 

by electrical polarization across the graphene layer via electrolyte solutions [9]. Combined with 

the above properties, SLG also has good chemical stability and excellent thermal stability, 

making it a promising material for proton exchange membrane fuel cells (PEMFC) [10][11].  

Although the various properties of graphene have indicated its great potential value for 

PEMFCs, especially its high selectivity and proton conductivity, it has only successfully been 

applied to direct methanol fuel cells (DMFC) [5]. The conduction of protons by typical low-

temperature PEFMC based on perfluorosulfonic acid (PFSA) membranes is based on the 

hydration of the sulfonate group at the end of its side chain to generate ionic sites [12]. The 

replenishment of moisture in PFSA membranes usually depends on the humidification of the 

gas. Therefore, the application of SLG in PEMFCs based on PFSA polymers is very likely to 

cause the transmission of water into the membrane to be blocked and affect the proton 

conductivity of the membrane [13]. Additionally, it is still a challenge to produce large-area, 

high-quality, low-defect SLG and transfer it to a specific substrate, which limits the application 
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of SLG in fuel cells [5].  

Different from the low-temperature PEMFC, high-temperature (HT-)PEMFC based on 

polybenzimidazole (PBI) and phosphoric acid (PA) conducts protons by the Grotthuss 

mechanism, whereby the charge carriers jump across an extended hydrogen bond network 

established between PBI and PA [14]. Under this mechanism, the fuel cell is no longer so 

dependent on humidity and the operating temperature can be higher than 100 °C [15]. Therefore, 

the performance of PA-doped PBI membranes largely depends on the acid doping level (ADL). 

However, PA leaching will inevitably occur during the operation of HT-PEMFCs [16]. In 

addition to being mechanically squeezed, diffusion causes PA to leach out from the membrane, 

when the fuel cell starts and the current increases, PA has been shown to migrate from the 

cathode to the anode under the influence of “electrochemical pumping” [17][18][19]. Moreover, 

PA can bleed out from the membrane since PA can be dissolved in the water produced at the 

cathode [20]. Excessive leaching of PA can cause the blockage of the gas diffusion layer (GDL), 

poisoning of the catalyst and decrease of the PA content in the membrane, thereby increasing 

the mass transfer resistance, reducing the activity of the oxygen reduction reaction (ORR), and 

reducing the proton conductivity of the membrane, respectively [21][22][23][24]. Furthermore, 

weak mechanical properties of the membrane caused by high ADL and the use of ultra-thin 

PBI membranes (below 20 µm) may cause significant hydrogen crossover and greatly reduce 

the performance of the PBI membrane [25][26][27]. 

Based on the proton conduction mechanism of HT-PEMFC, the performance of PBI does not 

depend excessively on the entry of external substances such as water. In addition, the relatively 

high temperature of HT-PEMFC operation is conducive to the high proton conductivity of SLG 

[5] [10]. Combining these characteristics, SLG is expected to become a barrier between the 

membrane and the catalyst layer (CL) in HT-PEMFC to prevent hydrogen crossover and 

excessive PA leaching.  
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This work aims to explore the effect of the addition of SLG, on HT-PEMFC electrochemical 

performance, durability, and electrochemically active surface area (ECSA) under lifetime 

testing or accelerated stress testing (AST). Chemical vapor deposition (CVD) method which 

can prepare SLG with large area, good compatibility, less disorder and fewer defects was 

applied [28][29][30][31][32][33][34]. The SLG is designed as a molecular sieve to prevent 

hydrogen crossover and excessive PA leaching from the membrane to the electrodes.  

4.5 Experimental Section 

4.5.1 SLG-based MEA Preparation 

The preparation of membranes and electrodes, and acid doping are shown in supporting 

information. SLG generation was achieved by CVD onto polycrystalline copper using methane 

and hydrogen as precursor gases [35][36]. The transfer of SLG to the electrode was performed 

by a wet chemical transfer method and a poly(methyl methacrylate) (PMMA) layer was used 

as the support material for the graphene [37]. The surface of SLG prepared by CVD on a copper 

sheet was spin-coated with a PMMA layer. A 0.1 M ammonium persulfate aqueous solution 

was used to etch away the copper sheet to form a SLG-PMMA film. The detached SLG-PMMA 

film was washed with de-ionised water and floated on the surface of the water. The transfer of 

SLG-PMMA to an amorphous carbon electrode was achieved by lifting out the electrode from 

under the floating SLG-PMMA film. After drying at room temperature, PMMA was finally 

removed under acetone rinsing. The transfer of SLG and the structure of MEA are shown 

schematically in Figure 4. 1. 
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Figure 4. 1. The transfer of SLG and the structure of membrane-electrode-assembly 

 

4.5.2 Characterization of SLG and Electrode Coverage 

Raman spectroscopy of the SLG loaded on the copper foil was performed using a Renishaw 

inVia™ Qontor® confocal microscope system with a 532-nm-wavelength laser. Raman 

acquisition of the SLG on the electrodes was carried out with the Renishaw inVia utilizing a 

785-nm-wavelength laser to prevent laser damage to the catalyst surface and to reduce any 

fluorescence. A laser spot size of 2 µm was achieved by applying a pinhole. The coverage of 

SLG on electrodes was evaluated by mapping the catalyst surface and calculating the integrated 

peak intensity of the 2D peak. 

 

 

4.5.3 Electrochemical Characterization, Performance Study and MEA Durability Test 

The prepared MEAs were assembled into an in-house fuel cell rig and operated at 150 ℃ with 
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100 mL min-1 dry H2 and 100 mL min-1 dry O2. A GAMRY E5000 potentiostat was used to 

measure linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS) and 

cyclic voltammetry (CV). Accelerated stress test (AST) is performed alternately at 0.6 A cm-2 

(4 min) and 1A cm-2 (16 min), and the open-circuit voltage (OCV) is operated for 10 min every 

6 h. The specific parameters of electrochemical characterization are shown in supporting 

information. 

4.5.4 Characterization of PA Distribution and MEA Component Migration 

A method combining lab-based X-ray CT and machine-learning segmentation has recently 

been established in our previous work [38]. Circular samples with a diameter of 2 mm were 

milled out from MEAs by a laser micro-machining method [39] and placed on a 3D-printed 

multi-layer jig for X-ray CT measurement. The structure of the jig is shown in Figure S4. 1. A 

Zeiss Xradia 520 Versa (Carl Zeiss) X-ray micro-CT instrument, equipped with polychromatic 

source and 30 to 160 kV tube voltage, was utilized to scan all samples. The specific parameters 

for XCT image acquisition are shown in Table S4. 1.  

Raman mapping of MEA cross-sections was carried out using a Renishaw inVia with a 785 nm 

laser. MEAs were manually cut by a scalpel to expose the cross-section. The resultant spectra 

were baseline-corrected and normalized. The free PA peak (~911 cm-1) intensity was used to 

form the concentration maps and the distribution curves. 

4.6 Results and Discussion 

4.6.1 SLG Coverage of Electrodes 

 

A typical Raman spectrum of graphene prepared by CVD onto copper foil is shown in Figure 

4. 2a. The Raman spectrum only showed a G peak and a narrow 2D peak at Raman shifts of 

1590 cm-1 and 2680 cm-1, respectively. The intensity ratio of the 2D peak to the G peak (I2D/IG) 
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was ca. 2.5, which indicates that the graphene is monolayer [40][41][42][43]. 20 × 20 µm 

Raman mapping with 64 points in 5 arbitrary areas across a macroscopic sample of A5 size 

was carried out. The I2D/IG of all of the spectra exhibit the same as the Raman spectrum shown 

in Figure 2a indicating that the graphene prepared by CVD was effectively defect-free SLG 

with 100% coverage of the copper foil. The graphene on the copper foil is transferred by the 

wet chemical transfer method. It has been shown through Raman spectroscopy that the 

graphene on the copper foil is a single-layer graphene. The wet chemical transfer method still 

maintains the graphene on the target substrate as a single layer [37]. Therefore, the thickness 

of graphene on the electrode surface is assumed to be about 0.335~1nm [40][41][42][43]. 

Although the SLG maintains good integrity on the copper sheet, SLG is prone to cracking and 

defect generation during the transfer from the copper sheet to the target substrate [44]. The 

Raman spectrum of the catalyst surface is shown as the orange curve in Figure 4. 2b. Raman 

spectrum on the electrode surface basically has no 2D peak. This may be attributed to the 

relatively weak energy of the 785 nm laser, which is not powerful enough to observe the 

relatively weak 2D peaks in graphite [45]. The Raman spectrum of the catalyst surface with 

SLG is shown in the blue curve in Figure 4. 2b. Due to the use of electrodes with graphite-

related materials as the substrate for the Raman spectroscopy, subject to the influence of the G 

and D peaks of the graphite materials, it is difficult for the Raman spectra of graphene on the 

catalyst surface to be fully consistent with the characteristics of SLG. However, the relatively 

strong narrow 2D peak characteristic of SLG is not completely covered by the signal from the 

substrate. Therefore, the 2D peak area can be used as a strong basis for whether the electrode 

is covered with SLG. Raman spectroscopic mapping of the 2D peak of two regions on the 

surface of the SLG-loaded electrode is shown in Figure 4. 2c (Region 1) and d (Region 2). The 

heterogeneous distribution area of the 2D peak has obvious boundaries. The blue area is 

regarded as the area without graphene. The SLG coverage shown by Raman mapping in Region 
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1 and Region 2 is approximately 75% and 45%, respectively, indicating the distribution of SLG 

in different regions may be vary to differing extents. Through multi-region Raman mapping, 

the average coverage of SLG on the electrode surface was measured to be ca. 55±5%. 

 

Figure 4. 2. Raman spectrum and Raman mapping (785nm laser) of SLG on different substrates, (a) Raman spectrum of SLG 

on copper foil, (b) Raman spectra of electrode surface with (blue line) and without (orange line) SLG, (c) Raman mapping of 

electrode surface region 1, (d) Raman mapping of electrode surface region 2. 

4.6.2 Impact of SLG on PA leaching 

Electrochemical Characterization 

To explore the impact of SLG on HT-PEMFC performance and durability, SLG was loaded on 

the anode, or cathode, or both sides. For all membranes, the ADL was approximately 11.5. 

MEAs without SLG, SLG on the anode, SLG on the cathode, and SLG on both sides are 

denoted PBI, AS, CS, and ACS, respectively. The naming of MEAs under different conditions 
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is shown in Table 4. 1. The initial measurement of MEAs is shown in Figure 4. 3. The peak 

power density of various MEAs is shown in Table 4. 1. From the perspective of power density 

curves, PBI-I and CS-I have similar performance, while AS-I and ACS-I have similar but lower 

performance. The application of SLG did not improve the performance of HT-PEMFC in the 

initial measurement, such that AS and ACS performed worse than the pristine MEAs. The 

difference in the performance of MEAs reflected by polarization curves in the initial 

measurement begins to appear at the low current density stage, which is mainly associated with 

activation polarization losses [46]. In the low current density stage, AS-I and ACS-I showed 

the most rapid voltage loss, followed by PBI-I and CS-I. The middle current density stage is 

dominated by ohmic losses, as the current density increases, the change in this difference is not 

obvious. Thus, ohmic losses is not the main cause of the difference in voltage loss [46].  

 

Table 4. 1. MEA nomenclature, electrochemical performance, and resistances 

 

The performance indicated by the final measurement of different MEAs after AST showed in 

Figure 4. 3b represents a significant change compared to initial measurements. ACS-F had the 

highest peak power density of 480 mW cm-2. AS-F and CS-F had similar peak power densities 

of 367 mW cm-2 and 365 mW cm-2, while the peak power density of CS-F appeared at a lower 

current density. PBI-F showed the lowest peak power density, which was 249 mW cm-2. From 

Name SLG load Condition 

Peak power 

density 

(mW cm-2) 

Ohmic 

resistance 

(m cm2) 

Charge transfer  

+ mass transfer 

resistance (m 

cm2) 

PBI-I No SLG Before operation 404 201 307 

AS-I Anode side Before operation 330 205 394 

CS-I Cathode side Before operation 399 229 276 

ACS-I Both sides Before operation 321 263 348 

PBI-F No SLG After AST 249 199 414 

AS-F Anode side After AST 367 205 355 

CS-F Cathode side After AST 365 221 320 

ACS-F Both sides After AST 480 205 308 
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the voltage loss at different current density stages, PBI-F had the largest activation polarization 

losses, ohmic losses and concentration polarization losses.  

The performance changes are directly reflected by the voltage changes at different current 

densities during the AST shown in Figure 4. 3c. The upper, middle, and lower curves of each 

MEA represent the OCV, the voltage at 0.6 A cm-2 and the voltage at 1 A cm-2, respectively. 

During the AST, the MEA based on a pure PBI membrane maintained a stable OCV, but the 

voltage at different current densities continued to drop significantly. This is generally 

considered to be caused by factors such as corrosion, deactivation, or migration of the internal 

components of the MEA, and established test methods have been shown to accelerate these 

aging processes [47][48][49]. In addition, the detrimental edge effects caused by the small 

electrode size and the high ADL may also accelerate the voltage drop versus other literature 

examples [38]. The voltage changes at different current densities are shown in Figure 4. 4. The 

voltage loss of the MEA based on a pure PBI membrane at a high current density of 1 A cm-2 

is more obvious than that at 0.6 A cm-2, 43.3% and 23.6%, respectively. Different from PBI, 

the voltage of AS and ACS at different current densities increased versus the initial stage, rather 

than decreasing. This difference is reflected in the first 6-h cycle shown in the inset in Figure 

4. 3c. The performance of PA-based HT-PEMFC continues to improve can be explained by 

favourable PA redistribution, the removal of impurities, or the formation of new catalytic sites 

that lead to the activation [50][51]. Although the initial voltage of AS and ACS was slightly 

lower than that of PBI at different current densities, these values surpass that of PBI after about 

7 h of AST. After 24 h, the voltage of AS remained effectively constant, while the voltage of 

ACS increased throughout the entire 70-h test. Although the voltage of CS continued to drop 

during AST, its drop is only about a quarter of that of PBI. To further test the durability of ACS, 

an additional 70 h of AST was run. The voltage changes at different current densities during 

the AST from 70 to 140 h are shown in Figure S4. 2. In the additional AST, the voltage of the 
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ACS at different current densities maintained a slow rise in the first 25 h. After that, the 

voltages remained relatively stable. At the end of the additional AST of ACS (named ACS-E), 

the peak power density of ACS-E reached 511 mW cm-2. The polarization curve and power 

density curve of ACS-E are shown in Figure S4. 3. 

Nyquist curves of initial and final measurement are shown in Figure 4. 3d and e, respectively. 

The equivalent circuit for fitting is shown in Table 4. 2. The resistance between the intercept 

on the real Z-axis at high and low frequencies is interpreted as the sum of charge transfer 

resistance and mass transfer resistance of the anode and cathode, hereafter referred to as 

𝛥𝑅𝐶ℎ𝑎𝑟𝑔𝑒+𝑀𝑎𝑠𝑠 [52][53][54][55][56]. The various resistances reflected by intercepts on the real 

Z-axis in the Nyquist curves are summarized in Table 4. 1. PBI-I and AS-I had very similar 

Ohmic resistance, which indicates that placing SLG between the anode and the PBI membrane 

does not cause significant hindrance to protons conduction, potentially benefitting from 

excellent proton conductivity of SLG and high operating temperature [2][3]. Unlike AS-I, CS-

I has lightly larger ohmic resistance and ACS-I have significantly larger ohmic resistances 

compared to PBI-I. That may be due to SLG blocking water generated at the cathode from 

entering the electrolyte in a short time to hydrate and positively influence membrane 

conductivity [56]. Since the coverage of the SLG on the electrode is limited, long-term 

operation at high current density provides the possibility for the water produced at the cathode 

to enter the electrolyte and hydrate it. Thus, PBI-F, AS-F, CS-F and ACS-F all have closer 

ohmic resistance. It is worth noting that the ohmic resistance of ACS-I is significantly larger 

than that of CS-I, and the ohmic resistance of ACS-I before and after AST changes more than 

that of CS-I. This may be due to the fact that the performance of ACS in the initial stage is 

much lower than that of CS, resulting in that the water production of ACS-I after initial 

activation is much smaller than that of CS-I, so that the ohmic resistance of ACS-I is larger 

than that of CS-I. The difference in the impedance of each MEA is more reflected in 



180 

 

𝛥𝑅𝐶ℎ𝑎𝑟𝑔𝑒+𝑀𝑎𝑠𝑠 . The relationship between the magnitude of 𝛥𝑅𝐶ℎ𝑎𝑟𝑔𝑒+𝑀𝑎𝑠𝑠  in the initial 

measurement of different MEAs is AS-I > ACS-I > PBI-I > CS-I. However, this relationship 

is completely changed in final measurement. In the final measurement, the relationship 

between the 𝛥𝑅𝐶ℎ𝑎𝑟𝑔𝑒+𝑀𝑎𝑠𝑠 of each MEA is PBI-F > AS-F > CS-F > ACS-F. The value and 

change of 𝛥𝑅𝐶ℎ𝑎𝑟𝑔𝑒+𝑀𝑎𝑠𝑠 may be affected by various factors such as PA migration, catalyst 

migration and corrosion, and the complex environment in electrodes. 

The initial and final CV curves with calculated ECSA are shown in Figure 4. 3f and g, 

respectively. Since the leaching of PA into the CL will poison platinum at high temperatures, 

and the adsorption of phosphate anions on the catalyst surface will block catalyst active sites, 

in-situ CV measurement of HT-PEMFC is not rigorous like the low-temperature PEMFC 

[22][23] [57]. The aforementioned influence of PA on the catalyst causes distortion of the CV 

curves such that the peak of the CV curve becomes very small [22]. The distortion of this CV 

peak is fully reflected in the CV curves of PBI-I and AS-I. The ECSA of PBI-I and AS-I were 

only 55.5 cm2 mg-1 and 55.2 cm2 mg-1, respectively, and the ECSA of them dropped further 

after AST. However, the ECSA of the cathode of CS-I and ACS-I, is much larger than that of 

PBI-I and AS-I. The ECSA of the cathode of CS-I and ACS-I were 388.1 cm2 mg-1 and 302.4 

cm2 mg-1, respectively, which is almost 7 times that of PBI-I and AS-I. This indicates that the 

protection of the surface of the catalyst by SLG at the cathode is immediate. While SLG has 

high proton conductivity and electronic conductivity, it forms a certain isolation between PA 

and the surface of the catalyst that may prevent excessive phosphate anions from adsorbing 

onto the surface of the catalyst, thereby increasing ECSA. As for the ECSA of CS-I is higher 

than ACS-I, it may be due to the osmotic pressure of phosphoric acid in the membrane with 

SLG on both sides should be higher than when SLG is used on one side or SLG is not used on 

both sides. Therefore, ACS is easier to leach appropriate amount of phosphoric acid at the 

cathode than CS. In other words, the ACS may have more phosphoric acid covering the catalyst 
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at the cathode. Although the ECSA of CS-F (248 cm2 mg-1) and ACS-F (185.8 cm2 mg-1) both 

declined compared with their respective initial values, they were still much larger than the 

ECSA of PBI-F (50.0 cm2 mg-1) and AS-F (50.8 cm2 mg-1). The protective capability of the 

catalyst by SLG is still present after AST. 

 

 

 

Table 4. 2. The equivalent circuit and the definition of parameters 

Equivalent 

circuit 

 
Lwires (H) Inductance of cables 

Rs (ohm) Ohmic resistance 

Rf-an (ohm) Charge transfer resistance of anode 

Yo-an (S sa) Constant phase element of anode 

Rf-ca (ohm) Charge transfer resistance of cathode 

Yo-ca (S sa) Constant phase element of cathode 

a Dimensionless exponent 
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Figure 4. 3. Electrochemical characterization: (a) initial measurement of polarization curves and power density curves 

(150 ℃, anode: 100 mL min-1 hydrogen, 1 mg cm-2 Pt; Cathode: 100 mL min-1 oxygen, 1 mg cm-2 Pt), (b) final measurement 

of polarization curves and power density curves, (c) AST process, (d) initial measurement of Nyquist curves, (e) final 

measurement of Nyquist curves, (f) initial measurement of CV curves and (g) final measurement of CV curves (150 ℃, anode: 

100 mL min-1 hydrogen; Cathode: 33.4 mL min-1 nitrogen) 
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Figure 4. 4. The voltage changes under different current densities before and after AST 

 

X-ray CT 

Typical 3D X-ray CT segmentations of MEA and GDL of each sample are shown in Figure 4. 

5. Since the lab-based X-ray CT in this work is unable to distinguish between (microporous 

layer) MPL, GDL and PA, the yellow and green phases shown in Figure 4. 5a, c, e, g and i 

represent a mixture of MPL, GDL and PA of anode and cathode, respectively. GDL/MPL/(PA) 

composite phase may contain carbon materials, polytetrafluoroethylene (PTFE) binder, and PA. 

Although limited by the degree of discrimination, the distribution of the GDL/MPL/(PA) phase 

in the segmented XZ-orthoslice and filtered XZ-orthoslice of layer 506 in Figure 4. 5a and c 

are significantly different. Compared with the pristine MEA, the yellow and green phases in 

the PBI-F tomogram show significant expansion, which is also accompanied by a decrease in 

the porosity represented by the black area. The expansion of GDL/MPL/(PA) composite phase 

indirectly indicates the leaching of PA, which has been demonstrated in our previous work by 

comparing tomograms of ‘wet’ electrodes soaked in PA with ‘dry’ electrodes [38]. This 
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phenomenon can be more intuitively reflected in the phase fraction parameters of the 

GDL/MPL/(PA) composite phase shown in Table 4. 3. The voxels of the GDL/MPL/(PA) 

phases in the anode and cathode of the pristine MEA account for 15.7% and 16.1% of the total 

1015 × 1015 × 508 voxels. However, in PBI-F, the phase fractions of Anode GDL/MPL/(PA) 

phase and Cathode GDL/MPL/(PA) phase reached 22.7% and 22.6%, respectively. The CL has 

the greatest average X-ray attenuation coefficient due to the electron-dense Pt contained within, 

and thus appears brightest in orthoslice in Figure 4. 5. Combined with the resolution used, 

chosen to capture a representative volume element, means the distribution of PA in the catalyst 

is not resolvable. However, it is not difficult to infer that the swelling of GDL/MPL/(PA) 

composite phase from the pristine MEA to the post-AST MEA in the electrode indicates PA 

leached through the CL and MPL to reach the GDL. The degree of PA migration also indicates 

that it is most likely the CL is saturated with PA by the end of the AST. According to the 

tomographic images in Figure 4. 5e, g and i and the phase fraction data in Table 4. 3, it can be 

inferred that SLG significantly reduces the degree of PA leaching after AST. The phase fraction 

of the anode of AS-F is smaller than that of the cathode, being 17.4% and 21.2%, while the 

phase fraction of the anode of CS-F is greater than that of the cathode, being 23.7% and 19.4%, 

respectively. According to slice-by-slice plots of area fraction from Layer 1 to Layer 506 in the 

z-direction of AS-F and CS-F shown in Figure 4. 5k and l, the above differences are mainly 

reflected in layers 100 to 200 and layers 300 to 400. The high phase fraction of GDL/MPL/(PA) 

is accompanied by the low phase fraction of pore. In the same way, the GDL/MPL/(PA) phase 

fraction of the anode and cathode sides of the MEA of ACS-F are relatively small, and the 

porosity is relatively large.  

 

PA leaching may not only immerse the CL but also drive the migration of the catalyst. This 

can be seen from the X-ray CT segmentation of the CL phase of pristine MEA and PBI-F 
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shown in Figure 4. 5b and d. By comparing the catalyst distribution of the SLG-loaded MEA 

in Figure 4. 5f, h, j, k, l and m, the migration of the catalyst and the migration of PA are linked 

to a certain extent. The CL phase is more concentrated at the junction of the membrane and the 

electrode on the side of the electrode with SLG than on the side of the electrode without SLG.  

 

 

 

 



186 

 

 

Figure 4. 5. 3D X-ray CT segmentation of (a) pristine MEA with unsegemted orthoslice of layer 506, (b) pristine CL, (c) PBI-

F MEA with unsegemted orthoslice of layer 506, (d) PBI-F CL, (e) AS-F MEA with unsegemted orthoslice of layer 506, (f) AS-

F CL, (g) CS-F MEA with unsegemted orthoslice of layer 506, (h) CS-F CL, (i) ACS-F MEA with unsegemted orthoslice of 

layer 506 and (j) ACS-F CL. Slice-by-slice plots of area fraction from Layer 1 to Layer 506 in the Z-direction of (k) AS-F, (l) 

CS-F and (m) ACS-F 
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Table 4. 3. Global GDL/MPL/(PA) of phase fraction of MEAs 

Sample Electrode GDL/MPL/(PA) phase 

fraction 

Mean 

Pristine MEA 
Anode 15.7% 

15.9 ± 0.4% 
Cathode 16.1% 

PBI-F 
Anode 22.7% 

22.7% ± 0.3% 
Cathode 22.6% 

AS-F 
Anode 17.4% 

19.3 ± 1.3% 
Cathode 21.2% 

CS-F 
Anode 23.7% 

21.55 ± 3.6% 
Cathode 19.4% 

ACS-F 
Anode 16.3% 

16.3 ± 0.4% 
Cathode 16.2% 

 

Raman Spectroscopy 

X-ray CT describes the migration of components in HT-PEMFC from morphology, and Raman 

may prove it from a chemical point of view. Raman spectroscopy can detect the signal of free 

PA in the high ADL PBI membrane when the Raman shift is around 911 cm-1[56] [58]. The 

Raman spectrum of PA-doped PBI membranes is shown in Figure 4. 6a. The Raman 

spectroscopic mapping of free PA peak area of PBI-I, PBI-F, AS-F, CS-F and ACS-F in the 

2D form is shown in Figure 4. 6b, c, f and h, respectively. Since Raman spectroscopic mapping 

is obtained by scanning the cross-sections of different samples, the thickness of each 

component of each sample may be different. Therefore, it is difficult to explain the migration 

of PA in different MEAs by comparing the size and dimension of PA distribution. However, 

by comparing the Raman spectroscopic mapping of PBI-I and PBI-F, free PA has a clear 

boundary before AST but this changes after AST. Compared with PBI-I, the free PA boundary 

of PBI-F shows a step-like decline from membrane to electrodes and this is more obvious in 

the cathode than the anode. In addition, by observing 2D Raman spectroscopic maps of AS-F, 

CS-F and ACS-F, the boundary of free PA on the SLG side of these MEAs is closer to the 

boundary between the membrane and the electrode by comparing with the 2D Raman mapping 
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of PBI-F. The difference in the distribution of free PA in PBI-I and PBI-F as well as the 

influence of SLG on the migration of free PA can be shown more visually by 3D Raman 

spectroscopic mapping. The Raman spectroscopic mapping of PBI-I, PBI-F, AS-F, CS-F and 

ACS-F in the 3D form is shown in Figure 4. 6d, e, i, j and k, respectively. In contrast to the 

2D mapping, the boundary of free PA of PBI-I was steeper than that of PBI-F in 3D mapping. 

Similarly, SLG also steepened the phosphate boundary on the additive side. The different 

ranges of intensity may have an impact on the degree of convergence of the PA boundary in 

Raman spectroscopic mappings. However, comparing the ratio of the average slope of the PA 

boundary between anode and cathode in 3D Raman spectroscopic mappings, hereafter referred 

to as |𝑆𝐴𝑛𝑜𝑑𝑒/𝐶𝑎𝑡ℎ𝑜𝑑𝑒|, can more rigorously illustrate the influence of SLG on PA migration. 

|𝑆𝐴𝑛𝑜𝑑𝑒/𝐶𝑎𝑡ℎ𝑜𝑑𝑒| of PBI-F, AS-F and CS-F are 4.48, 7.14 and 2.11, respectively. Assuming the 

PA leaching situation on the side of the electrode without SLG remains unchanged, the free 

PA boundary on the side with SLG function on AS-F and CS-F will be steeper than that of 

PBI-F. The |𝑆𝐴𝑛𝑜𝑑𝑒/𝐶𝑎𝑡ℎ𝑜𝑑𝑒| of ACS-F of 2.14 is similar to PBI-I of 2.91. Therefore, SLG has 

a buffering effect on PA leaching on its active side, which is observable by Raman 

spectroscopic mapping of different MEAs cross-sections. As for the obvious difference 

between the cathode and the anode shown in Raman spectroscopic mapping of PBI-F and AS-

F, or because the uneven distribution of PA caused by the action of the “electrochemical pump” 

and the driving effect of the water produced by the cathode on PA [17][18] [20].  
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Figure 4. 6. Raman spectrum and Raman mapping at 785 nm, (a) Raman spectrum of PA-doped PBI membrane showing free 

PA at 911 cm-1, Raman mapping of the free PA peak at 911 cm-1, (b) PBI-I in 2D, (c) PBI-F in 2D, (d) PBI-I in 3D, (e) PBI-F 

in 3D, (f) AS-F in 2D, (g) CS-F in 2D, (h) ACS-F in 2D, (i) AS-F in 3D, (j) CS-F in 3D, (k) ACS-F in 3D 
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4.6.3 Mechanism 

The following mechanism for how SLG acts in an HT-PEMFC is proposed. The hydrogen 

oxidation reaction (HOR) and the ORR, which involve catalytic active reaction processes, 

mainly occur at the three-phase boundary composed of electrolyte (PA), catalyst and gas 

[59][60]. Therefore, the three-phase boundary directly affects the charge transfer resistance and 

the activation loss in the polarization curve, and its size plays a vital role in the performance. 

As shown in Figure 4. 7, the green line represents the three-phase boundary of a specific cross-

section of the MEA. When PA is not leached from the PBI membrane at all, the three-phase 

boundary is simply the interface between the membrane and the catalyst (approximately planar 

under ideal circumstances). With the proper amount of PA leaching from the membrane into 

the CL, the three-phase boundary can be envisaged as changing from the straight green line to 

the wavy green line, which makes the three-phase boundary larger. This is also one of the 

reasons for the activation of HT-PEMFC [50][51]. However, when PA excessively migrates 

into the GDL, the CL is submerged and driven to migrate, and the pores in the GDL are blocked, 

affecting gas transport. In these situations, the charge transfer resistance and mass transfer 

resistance of the MEA increase. Since the SLG prepared by CVD has good mechanical 

properties and good large-scale integrity, it has a good buffering effect on PA, which can be 

observed in X-ray CT, Raman mapping and CV. At the same time, SLG has ultra-high proton 

conductivity, so it does not significantly affect the transmission of protons while preventing 

the leaching of PA, which is reflected in the EIS analysis. In summary, SLG can perform proton 

transfer and acts as a boundary between PA and catalyst to protect the catalyst from being 

soaked so that gas can reach it. Therefore, SLG can act as part of the three-phase boundary. In 

addition, due to the limited coverage of the SLG on electrodes, PA can still be leached out 

between the gaps in SLG coverage to provide a favourable distribution of PA in the vicinity of 

the membrane (shown in the bottom-right image in Figure 4. 7). This is conducive to the 
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expansion of the three-phase boundary. As mentioned above, there are different mechanisms 

for the leaching of phosphoric acid at the anode and cathode. During the AST process, the 

continuous application of higher current density and the alternating changes of the current will 

cause the PA to move from the cathode to the anode under the drive of the ‘electrochemical 

pump’ [17][18][19]. At the cathode, the production of water will also cause the leaching of 

phosphoric acid [20]. Therefore, the appropriate amount of PA leaching at the cathode though 

the gap of SLG occurs at the initial stage after initial activation and is less affected by the AST 

process compared to the anode. It is worth noting that in the initial stage, the difference in 

impedance of different MEAs is mainly reflected in the Rf-an of AS-I and ACS-I is much larger 

than that of CS-I and PBI-I. This results in the performance of CS-I being better than AS-I and 

ACS-I. With the progress of AST, the PA of AS-I and ACS-I gradually leached from the gaps 

of SLG to form a sawtooth-shaped phosphoric acid distribution, which increased the three-

phase boundary and gradually improved the performance. This can be reflected by the 

impedance changes of AS and ACS before and after AST. Since CS cannot control the 

excessive PA leaching at anode, the performance gradually declines. In AS, the performance 

improvement caused by the further appropriate PA leaching at anode may be countered by the 

performance degradation caused by the excessive PA at cathode. Therefore, the performance 

of AS in the later stage of AST no longer increases, while the performance of ACS continues 

to increase. 
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Figure 4. 7. The proposed mechanism behind the positive effect of SLG on HT-PEMFC performance 

 

4.6.3 Impact of SLG on Hydrogen Crossover 

To explore the effect of SLG on hydrogen crossover of ultra-thin PBI (UT-PBI) membranes, a 

PBI membrane with a thickness of 7.7 µm was prepared, and the SLG was added between 

anode and membrane (UT-AS). To avoid the strong influence of AST on PA leaching, UT-PBI 

and UT-AS were tested under a constant current of 600 mA instead of the AST. The 

polarization curves and power density curves of MEAs based on ultra-thin PBI membrane 

under different conditions are shown in Figure 4. 8. I and F stand for initial measurement and 

final measurement after 100 h testing, respectively. The ultra-thin nature of the membrane 

allowed for a large amount of hydrogen permeation, which gave an OCV for UT-PBI-I of only 

0.57 V. Nevertheless, reducing the thickness of the membrane also reduces membrane 

resistance, which can be seen in the relatively low ohmic loss in the medium current density 
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stage. This gave a relatively high maximum power density of UT-PBI-I (464 mW cm-2), even 

higher than the maximum power density of PBI-I (404 mW cm-2). The OCV for UT-AS-I of 

0.80 V was significantly higher than that of UT-PBI-I, indicating that SLG had a significant 

blocking effect on hydrogen crossover. Although UT-PBI and UT-AS both had relatively high 

ADL, the ultra-thin nature made their overall PA content relatively low. Although this is 

helpful to avoid the side effects of excessive PA leaching, SLG may prevent the only PA in the 

PBI membrane from proper leaching to the electrode, leading to a dead zone between the 

membrane and the electrode, and the appearance of these dead zones will affect proton 

conduction [50][51]. The 100-hour test of UT-PBI and UT-AS is shown in Figure 4. 8b. The 

voltage of UT-PBI continued to drop over time. In Figure 4. 8a, the polarization curve of UT-

PBI-F is almost a downward shift of the polarization curve of UT-PBI-I, and the OCV of 

UT-PBI-F dropped from 0.57 V at the initial measurement to 0.48 V. Therefore, the continuous 

drop in voltage of UT-PBI during the test was largely due to the gradual increase in hydrogen 

crossover. Unlike UT-PBI, the voltage of UT-AS continued to rise during the test. This is most 

likely caused by the activation of the MEA due to the reduction of the dead zone during 

operation [50][51]. The OCV for UT-AS-F was effectively the same as that of UT-AS-I, which 

shows that there is no significant increase in hydrogen crossover during the operation of UT-

AS. In addition, due to activation, the performance of UT-AS-F was significantly improved 

compared to UT-AS-I. The maximum power density of UT-AS-F reached 513 mW cm-2, which 

is better than all aforementioned MEAs. The blocking effect of SLG on hydrogen crossing can 

be further reflected in the LSV curve shown in Figure 4. 8c. The limiting current density from 

the LSV curves and the calculated hydrogen crossover flux are shown in Table 4. 4. SLG had 

a certain blocking effect on the hydrogen crossover of ultra-thin PBI, and it continued to play 

a role throughout testing. Although SLG failed to produce an OCV at the normal level (usually 

considered to be 1 V), UT-AS still showed excellent performance in view of the low ohmic 
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resistance of the ultra-thin PBI membrane. 

Table 4. 4. Hydrogen crossover flux of UT-PBI and UT-AS 

MEA 𝑗𝐻2 𝐶𝑟𝑜𝑠𝑠 (mA cm-2) �̇�𝐻2 𝐶𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 (mol s-1) 

UT-PBI-I 21 2.45 ×10−4 

UT-PBI-F 70 8.16 ×10−4 

UT-AS-I 14 1.63 ×10−4 

UT-AS-F 15 1.75 ×10−4 

 

 

Figure 4. 8. Electrochemical characterization of UT-PBI and UT-AS: (a) polarization curves and power density curves (150 ℃, 

anode: 100 mL min-1 hydrogen, 1 mg cm-2 Pt; Cathode: 100 mL min-1 oxygen, 1 mg cm-2 Pt), (b) constant-current (600 mA) 

discharging curves, (c) LSV curves (150 ℃, anode: 100 mL min-1 hydrogen; Cathode: 100 mL min-1 nitrogen) 

4.7 Conclusions 

Large-size and high-quality SLG prepared by CVD was added between the membrane and 

anode, the cathode and both sides to study the effect of SLG on the performance and durability 

of PA-doped PBI membrane-based HT-PEMFC. The average coverage of the SLG on the 
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electrode estimated by Raman spectroscopic mapping was about 55%±5%. The performance 

of AS-I and ACS-I, reflected by their peak power densities of 330 mW cm-2 and 321 mW cm-

2, respectively, was significantly lower than that of PBI-I (404 mW cm-2). However, when the 

SLG is only placed on the cathode side, its effect on the initial stage performance in terms of 

its peak power density is not obvious (399 mW cm-2 for CS-I). Although the SLG did not 

contribute to the power output in the initial stage of the test, the in-situ ECSA of the cathode 

of the MEA with SLG loaded on the cathode was significantly higher than that of the PBI-I. 

The introduction of SLG may slow down the activation of MEAs in the initial stage caused by 

advantageous PA leaching. 

During AST, the performance of the MEA based on pure PBI membrane decreased 

significantly over time. This may be due to excessive PA leaching caused by the high ADL in 

the PBI affecting the three-phase boundary. The application of SLG significantly improved the 

durability of MEA in the AST process. The peak power density of CS-F was 365 mW cm-2, 

which is significantly higher than that of PBI-F. For AS and ACS, the voltage at each current 

density during the AST process did not drop but increased, resulting in ACS-F showing the 

highest peak power density of 480 mW cm-2 across all MEAs. The resistance, ECSA, phase 

fraction and free PA boundary of different MEAs show that SLG can effectively control the 

PA leaching, maintaining a large three-phase boundary and protecting the CL.  

 

The application of SLG can effectively limit hydrogen crossover. After 100 h of constant-

current testing, hydrogen crossover of UT-AS-F and UT-PBI-F were 1.75×10−4 mol s-1 and 

8.16×10−4 mol s-1, respectively, with UT-AS-F exhibiting excellent performance with a peak 

power density of 513 mW cm-2. 
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4.11 Supplementary Information 

PBI membrane preparation 

 

The preparation of PBI membranes was carried out by a modified solution casting method. The 

PBI ionomer (Fumion® AP-30, Fumatech) was dissolved in dimethylacetamide (DMAc) and 

stirred in an oil bath at 80 °C for 6 h to prepare a 2 wt% PBI/DMAc solution. The PBI/DMAc 

solution was placed in an oven at 80 °C for 12 h and then placed at 130 °C under vacuum for 

3 h to remove the bulk of the DMAc solvent.  

PA doping 

The PA doping of PBI was achieved by immersing the in-house membranes or 30 μm thick 

commercial PBI membranes (Fumapem® AP-30, Fumatech) in 85% orthophosphoric acid 

(Fisher Chemical) for 6 h at a temperature of 140 °C. The ADL was calculated according to 

Equation S4-1.  

Preparation of electrodes 

The electrodes were made by coating a microporous layer (MPL), followed by the catalyst 

layer (CL), onto Toray carbon paper (TGPH 090, 280 µm) through a spraying method. The 

specific preparation method is shown in supporting information. The MPL inks were prepared 

by blending Ketjen black (90 wt%, EC-300J, AkzoNobel) and polytetrafluoroethylene (PTFE, 

10 wt%, Aldrich) in iso-propanol (IPA). The Ketjen black loading of the MPL was 1 mg cm-2. 

Sintering of MPL coated carbon paper was carried out in an oven at 300℃ for 3 h. CL inks 

were prepared by blending 80 wt% Pt/carbon catalyst (Fisher Scientific, 60% Pt loading) and 

20wt% PTFE in a mixture of deionized water and IPA. The spraying process of MPL inks and 

CL inks is accompanied by heating in a furnace at 120℃ to remove the solvent. The Pt loading 

on electrodes was 1 mg cm-2 and the electrode area was 1.5 cm × 1.5 cm. 

 

Assembly of membrane-electrode-assembly 
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The assembly of PA-doped membrane and electrodes was completed by using PT44FE film 

(0.15 mm) as gaskets and hot pressing at 140 ℃ and 80 psi for 4 min. Since the SLG was 

attached to the CL surface of the electrode, after hot pressing, the SLG was located between 

the CL and the membrane.  

 

Electrochemical characterization 

During the operation of LSV, 100 ml min-1 of dry hydrogen and nitrogen were passed through 

the anode and cathode, respectively. The LSV curves were obtained by gradually increasing 

the voltage from 0 to 700 mV with a scan rate of 1 mV s-1 and a step size of 2 mV. The hydrogen 

crossover flux was calculated according to Equation S4-2. 

 

Galvanostatic EIS was performed at 0.5 A from 10 kHz to 0.1 Hz to acquire Nyquist plots. The 

measurement of CV was carried out with the anode and cathode fed with 33.4 ml min-1 

hydrogen and 140 ml min-1 oxygen, respectively. During the CV measurement, the potential 

of the working electrode is cyclically scanned between 0.05 V and 1 V at a scan rate of 100 

mV s-1. The equation used to calculate ECSA is shown in Equation S4-3. 

 

X-ray CT data processing 

The data was extracted, cropped to 1015 × 1015 × 508 voxels and converted to 8-bit to reduce 

the computational load and remove any external air. To make the boundary between phases 

clearer, a 3D non-local means filter, and a 3D unsharp masking filter were applied to denoise 

and sharpen the image. The segmentation of each phase in the MEA was completed by a 

combination of manual machine-learning training in Ilastik and some manual, slice-by-slice 

correction in the XZ direction in Avizo. The phase fraction was calculated according to simple 

voxel counting in Avizo.  
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Supplementary Equations: 

ADL calculation: 

ADL=(WPA/MPA)/(WPBI/MPBI)                                                                                

 Equation S4- 1                                                              

WPA: phosphoric acid content 

MPA: molar mass of the PA 

WPBI: PBI content 

MPBI: molar mass of the polymer repeat unit 

 

Hydrogen crossover flux calculation: 

�̇�𝐻2 𝐶𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 =  𝑗𝐻2 𝐶𝑟𝑜𝑠𝑠 × 𝐴/ (𝑛 × 𝐹)                                                             

Equation S4- 2 

�̇�𝐻2 𝐶𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟: hydrogen crossover flux (mol s-1) 

𝑗𝐻2 𝐶𝑟𝑜𝑠𝑠: limiting current density (mA cm-2) 

A: fuel cell active area (cm2) 

n: the number of electrons taking part in the reaction (2e- per H2 molecule) 

F: Faraday’s constant (96,485 C mol-1) 

 

ECSA calculation: 

ECSA (cm2
Pt gPt

−1) = Charge(μC cm−2)/[210(μC cm−2
Pt) × Catalyst Loading(gPt cm−2)]                                                                                 

Equation S4- 3 



210 

 

 

Supplementary Figures: 

 

 

Figure S4. 1. 3D CAD of X-ray CT sample holders 

 

 

Figure S4. 2. Additional AST of ACS 
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Figure S4. 3. Polarization curve and power density of ACS-E 

 

 

Supplementary Tables: 

Table S4. 1. X-ray CT acquisition parameters 

 Pristine MEAs AST MEAs 

X-ray voltage (kV) 40 50 

Voxel dimension (µm) 1.01 1.01 

X-ray power (W) 3 4 

Binning 1 1 

Exposure time (s) 25 25 

Number of projections 401 501 

Scan time (h) 2.8 3.5 
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5. One-Step Electrochemical Exfoliation of Natural Graphite Flakes into Graphene Oxide 

for Polybenzimidazole Composite Membranes Giving Enhanced Performance in High-

Temperature Fuel Cells 

5.1 Manuscript Contribution 

The results presented in Chapter 5 are reported in the publication “One step electrochemical 

exfoliation of natural graphite flakes into graphene oxide for polybenzimidazole composite 

membranes giving an enhanced performance in high-temperature fuel cells, Journal of Power 

Sources. 491 (2021) 229550. https://doi.org/10.1016/j.jpowsour.2021.229550.” 

My contributions in this work are as follows: 

Investigation: Investigated the feasibility of electrochemical exfoliation using natural graphite 

flakes as raw material to prepare graphene or graphene oxide. Case study of reactor design for 

electrochemical exfoliation to prepare graphene of graphene oxide. 

Methodology: Designed and manufactured the 3D-printed reactor. Preparation of 

polybenzimidazole membranes. Prepared electrochemically exfoliated graphene (oxide). 

Characterize electrochemically exfoliated graphene (oxide) through Raman, scanning electron 

microscopy, transmission electron microscopy, fourier-transform infrared spectroscopy, X-ray 

photoelectron spectroscopy and thermogravimetric analysis. Preparation, electrochemical 

performance testing, and durability testing of pristine membrane-electrode-assembly based on 

pure polybenzimidazole membrane and polybenzimidazole/graphene oxide composite 

membranes.  

Formal analysis: Processed and analyzed the characterization results of electrochemically 

exfoliated graphene (oxide). Processed and analyzed electrochemical characterization results 

including polarization curves, Nyquist curves, and linear sweep voltammetry curves.   
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Writing-original: Writing of the original draft of manuscript. 
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5.2 Abstract 

In this work, a 3D-printed reactor was designed to enable natural graphite flakes to be used for 

electrochemical exfoliation to quickly obtain graphene oxide. Graphite foil as a typical raw 

material of electrochemical exfoliation was also exfoliated for comparison. Under the same 

conditions (10V, 1mol/L ammonium sulfate solution as electrolyte), the graphene products 

obtained by one-step electrochemical exfoliation using natural graphite flakes based on the 

reactor, have a significantly higher degree of oxidation than products obtained using graphite 

foil (the oxygen content is increased by 50.2%). In addition, the oxidation degree can be further 

increased by increasing the electrolyte concentration or reaction time. This design achieves 

one-step exfoliation using natural graphite flakes to obtain graphene oxide with tunable oxygen 

content in short time without using any strong oxidants or strong acids. The as-prepared 

electrochemically exfoliated graphene oxide (EGO) was used to prepare polybenzimidazole 

(PBI)/ graphene oxide (GO) composite membranes for high-temperature polymer electrolyte 

membrane fuel cells (HTPEMFC). The 0.5%, 1% and 2% EGO loadings in the PBI membrane 

increased the peak power density by 13.8%, 24.4 % and 29.2 %, respectively. 

5.3 Keywords 

Graphene oxide; Electrochemical exfoliation; Natural graphite flakes; Fuel cells 
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5.4 Introduction 

Graphene oxide, which presents the 2D honeycomb structure similar to pristine graphene, 

contains in its structure, functional groups such as carboxyl, hydroxyl and carbonyl groups. In 

addition to some of the properties similar to graphene, the presence of these functional groups 

creates some additional properties of GO such as hydrophilicity, which makes this material 

easily dispersible in water and in some organic solvents which facilitates processing [1]. These 

oxygen-containing functional groups can also be covalently linked to polymers or small 

molecules to tune surface functionalization [2][3][4]. Graphene oxide has begun to play a 

significant role in many fields such as electrochemical energy devices [5][6], polymer 

composites [7][8], and sensors [9][10].  

The properties of GO make it a promising material for PEMFC, especially in polymer 

composites [11][12][13][14][15]. As the most typical polymer used in the membrane of 

phosphoric acid-based HTPEMFC, PBI is affected by factors such as phosphoric acid (PA) 

leaching, thermal stability and mechanical performance degradation at high temperatures 

[16][17]. In addition, the phosphoric acid loading of PBI negatively affects mechanical 

properties [18]. The proton conductivity of the PA-based PBI membrane depends on the 

network of PA in the PBI matrix [19]. Therefore, less phosphoric acid loading or phosphoric 

acid leaching will affect the proton conductivity of the PBI membrane. Thanks to functional 

groups, GO can solve the above-mentioned issues as GO has a trapping effect on PA to prevent 

its leaching [20]. The functional group of GO can facilitate hopping of protons on external 

surfaces and establishment of three-dimensional proton transfer channels to improve 

conductivity [15] [21][22][23][24]. The hydrogen bond in GO plays a vital role in the 

improvement of conductivity. Although phosphoric acid has relatively low acidity, it has 

stronger hydrogen bonding forming ability and amphoteric characteristics than other acids 

[15][25][26]. In addition, graphene materials are also expected to improve the thermal stability 
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and mechanical properties of PBI [14]. 

GO can be synthesised by treating natural graphite with strong oxidants (KMnO4, NaNO3 and 

concentrated H2SO4) via chemical exfoliation methods, being modified Hummers’ method the 

most popular [27][28]. However, the safety and environmental issues caused by the use of 

strong oxidants together with the long and tedious process of these traditional methods cannot 

be underestimated [29]. In addition, the traditional method of producing chemical exfoliation 

is very time-consuming. 

Electrochemical exfoliation of graphite has been proposed as a promising method to produce 

graphene, having some valuable advantages such as reduced environmental impact, fast, high 

yield, low cost and ease of scale-up [30][31][32][33][34][35][36][37]. Electrochemical 

exfoliation uses graphite materials as the anode, which inevitably makes the graphene partially 

oxidized, hence, most research has been focused on reducing the degree of oxidation to obtain 

a graphene material with properties similar to pristine graphene [38]. However, as mentioned 

above, compared with pristine graphene, graphene oxide has its unique efficacy due to the 

functional groups leading to specific applications. Therefore, using electrochemical exfoliation 

to obtain graphene oxide with a higher degree of oxidation has also recently been on the 

research agenda [37]. 

Without pretreatments such as bonding or extrusion, natural graphite flakes are not suitable for 

direct use in electrochemical exfoliation to obtain large-scale graphene products because of the 

small flake size [39]. Most of the electrochemical exfoliation methods published so far use 

graphite foil [37] [40], highly oriented pyrolytic graphite [32], graphite rods [41] or graphite 

pellets [42] as raw materials. Most of these graphite materials have been obtained by processing 

graphite flakes using methods such as chemical treatment, thermal treatment or mechanical 

compression [43]. The different manufacturing processes and morphology of these raw 
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materials are likely to affect the properties of exfoliated products [44][45]. Because the 

preparation of graphite foil requires a complex process, the price of solid packed graphite such 

as graphite foil has reached 25 to 100 times of natural graphite flakes [46]. It can be seen that 

using natural graphite as a raw material to replace these graphite-processed products for 

electrochemical exfoliation has great commercial value. There are some works trying to use 

electrochemical exfoliation to prepare GO, but these works still cannot avoid the use of strong 

acids or strong oxidants, and the prepared GO has low oxygen content and low yield [36][47]. 

In this work, we have designed and manufactured a 3D printed reactor for the electrochemical 

exfoliation of natural graphite flakes to produce electrochemically exfoliated graphene oxide 

(EGO) using ammonium sulphate as the electrolyte. The reactor enables rapid exfoliation of 

natural graphite flakes at low voltage to obtain high yield EGO. Reactor-produced material 

from natural graphite flakes obtains GO with greater oxidation. In order to explore the effects 

of the reactor to control the variables, another unprocessed natural graphite, vein graphite, was 

also used as a raw material for comparison. The as-prepared EGO was applied to the PBI 

membrane composites of HTPEMFC to explore efficacy in fuel cells.  

5.5 Experimental Section 

5.5.1 Exfoliation Reactor Design 

The raw materials used for electrochemical exfoliation in this work are natural graphite flakes 

(Alfa Aesar, -10 mesh, 99.9%), graphite foil (Alfa Aesar, 0.5mm thick) and vein graphite 

(Asbury carbon, US). The appearance of these materials is shown in Figure S5. 1. Unlike 

graphite foil and vein graphite, natural graphite flakes are in the form of crumbs, so they must 

undergo a certain form of assembly to perform mass exfoliation while the graphite foil and vein 

graphite can be directly connected to the current and immersed in the electrolyte to act as an 

anode. Therefore, the 3D printing-based reactor is designed to mount natural graphite flakes 
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into a collective. 

The overall structure of the reactor is shown in Figure 5. 1a. The reactor consists of two main 

parts that can be observed in Figure 5. 1b and c. The base of the reactor is immersed inside of 

a beaker and the graphite flakes are placed on the top of the holder and covered by the 

perforated cover, which has the shape of an inverted funnel. The cover and base are connected 

by mortise and tenon with each other and can be locked or separated by rotation. The cover is 

connected to a plug to seal the reactor and the two springs apply pressure to the graphite flakes, 

as can be observed in the section view in Figure 5. 1a, the wall at the bottom of the cover has 

an angle of 10o to the horizontal. The holes on the cover have a diameter of 0.5 mm which is 

subject to the printing resolution of the 3D printer. Copper foil (Wruth electronics UK) is used 

to connect electrically the graphite flakes with the external circuit. The copper sheet penetrates 

the plug along the wall of the plug to the bottom and is kept in contact with the graphite by the 

force of springs. A platinum (Pt) wire (Goodfellow. UK) is used as the counter electrode. The 

electrolyte is added into the beaker, the liquid level of the solution is higher than the holes of 

the cover and lower than the bottom part of copper foil to ensure graphite acts as the anode in 

the electrochemical system rather than the copper. The special structure of the reactor and the 

placement of the platinum electrode change the anode and cathode from original vertical 

parallel to horizontal parallel, which allows the generated bubbles to escape with their own 

buoyancy instead of adhering to the surface of the material to block the further process of the 

reaction. The engineering drawings of each part of the design are shown in Figure S5. 2. The 

plug, the cover and the base are manufactured by 3D printer. The materials used for 3D printing 

are acrylonitrile butadiene styrene (ABS) and polyethylene terephthalate glycol (PETG). These 

3D printed materials are resistant to high temperature, mechanically strong and resistant to 

weak acids and bases. 
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Figure 5. 1. Structure of the reactor, (a) overall design and section view, (b) structure of the perforated cover, (c) structure of 

the base 

5.5.2 Synthesis of Electrochemical Exfoliated Graphene Oxide. 

A diagram of the EGO preparation method is shown in Figure S5. 3. Graphite materials were 

exfoliated by a single step electrochemical exfoliation. 0.1-1M aqueous solution of ammonium 

sulphate (Sigma UK) has been used as the electrolyte. In the case of the graphite flakes, which 

were exfoliated using the reactor, the natural graphite flakes are filled into the reactor and 
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immersed inside the ammonium sulphate solution. Then they acted as a working electrode by 

connecting to the positive electrode of a power supply through the copper foil. Alternatively, a 

piece of graphite foil with the dimension 1.5 cm × 4.5 cm or vein graphite working as a working 

electrode, has been immersed into a beaker with the electrolyte, and they were held by a clamp. 

Platinum was used as a counter electrode. The voltage remains constant at 10V during 

exfoliation. Different from graphite foil, the exfoliation process based on the reactor and natural 

graphite flakes can last longer. Due to the mechanical assistance of the reactor, although the 

size of the hole on the reactor is much larger than GO, the GO after exfoliation becomes muddy, 

and most of the GO will be retained in the reactor and continue to contact the current under the 

force of the spring to participate in the reaction.  

During this process, the current gradually rises and eventually remains stable. For all kinds of 

products, the exfoliated products were washed 3 to 5 times by vacuum filtration with DI water 

until the washing liquid was neutral, pH = 7. This process removes ammonium sulphate 

residues. The filtered mixture was dispersed in deionized water and sonicated for 10 minutes 

to complete the exfoliation and to obtain a homogeneous dispersion. Lastly, the product is 

centrifuged at 1500 rpm for 15 minutes to separate graphite and graphene.  

 

5.5.3 Characterization of EGO. 

To evaluate the obtained EGO quality, the structure and different properties of the produced 

material have been evaluated. The contact angle of exfoliated graphene oxide was measured 

by Holmarc’s contact angle meter. Films were vacuum-filtered from dispersion contact angle 

measurement. The electrical conductivity of EGO was measured by a four-probe station (Jandel 

Engineering, Linslade, UK) equipped with a 2182 A nano voltmeter and a 6220 current source 

(Keithley Instruments, Cleveland, OH, USA) at room temperature and ambient atmosphere. To 
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measure the electrical conductivity, the EGO dispersion obtained was vacuum filtered into a 

thin film and then placed in a vacuum chamber to dry overnight to remove moisture.  

Raman spectroscopy and Raman mapping were performed on Horiba LabRAM Evolution with 

633nm laser and ×50 SLWD VIS objective lens ranging from 1000 cm−1 to 3000 cm−1. The 

Raman mapping is acquired by measuring 1600 (40×40) points in 10μm × 10μm area. The 

samples for Raman spectroscopy were prepared by drop-casting the EGO water dispersion onto 

a silicon wafer. The crystal structure was studied by X-ray Diffraction (XRD) with a 

PANalytical X'Pert Pro X'Celerator diffractometer. The minimum step size is 0.001 2 Theta 

(degree). The XRD sample preparation is similar to Raman's sample preparation, but a load of 

graphene on the silicon wafer is larger. 

To evaluate EGO morphology, Scanning Electron Microscope (SEM) and Transmission 

electron microscopy (TEM) have been performed. SEM was carried out on a Tescan Mira3 SC. 

The beam energy was 5.0kV and the imaging mode is the secondary electron. TEM images 

were obtained by JEOL JEM 2100. TEM samples were prepared by dispersing EGO in ethanol, 

dropping the dispersion on Lacey carbon film and drying in air at room temperature and 

atmospheric pressure. To evaluate the number of layers of the EGO obtained, Atomic Force 

Microscope (AFM) was performed on PSIA XE-100.  

To measure and evaluate the number of functional groups present in the EGO obtained, 

Fourier-Transform Infrared Spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) 

and thermogravimetric analysis (TGA) were performed. TGA also allows the studying of 

thermal resistance. FTIR was conducted in a Tensor 27 ranging from 400 cm−1  to 2000 

cm−1in transmission mode. The resolution, scan time was 16 cm−1 and 32 scans respectively. 

The samples for FTIR measurement were prepared by drying the graphene dispersion into a 

few microns thick films by using a vacuum suction filter. The TGA was performed on 
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Discovery TGA 550. The heating rate was 10℃/min. Air is used as the carrier gas for TGA 

and the flow rate was 25 mL/min. The sample was prepared by grinding the dried graphene 

and placing them in alumina pans. XPS analysis was performed using a Thermo NEXSA XPS 

fitted with a mono chromated Al kα X-ray source (1486.7 eV), 3 multichannel resistive plates, 

a spherical sector analyser, and 128 channel delay line detectors.  

5.5.4 Synthesis of PBI Membrane and PBI/EGO Composite Membranes 

20wt% PBI/DMAc solution (PBI performance product, USA) was cast on a glass plate by a 

doctor's blade. DMAc was evaporated off, in the oven at 60°C overnight, followed by vacuum 

drying at 130°C for 3 hours. In order to remove residual DMAc, the cast PBI membrane was 

boiled in deionized water for one hour and then vacuum dried at 80°C for one hour to remove 

water. The PBI/EGO composite solution was obtained by mixing 1wt% FL-0.1-1/DMAc 

solution with PBI/DMAc solution and stirring with an overhead stirrer for three hours. The 

subsequent preparation process of the composite membrane is the same as that of the pure PBI 

membrane. 

5.5.5 Preparation of Membrane Electrode Assemblies 

The PBI membrane is soaked in 85% Orthophosphoric acid (Fisher Chemical) at room 

temperature for 48 hours. The calculation method of doping level is shown in supporting 

information (Equation S5- 1). The electrodes were prepared by spraying Microporous layer 

ink which is consisted of 90wt% Ketjen black (EC-300J, AkzoNobel) and 10wt% PTFE (Sigma 

Aldrich) on a Toray carbon paper (TGPH 090, 280 microns), then followed by spraying catalyst 

layer which is consisted of 80wt% Pt/carbon catalyst (Fisher Scientific, 60% Pt loading) and 

20wt% Polytetrafluoroethylene (PTFE) as the binder. The Pt loading on electrodes is 1mg/cm2. 

The electrodes area is 1.5cm*1.5cm. MEA is finally made by hot pressing (140℃, 80psi and 

4.5 minutes) and uses 0.15mm PTFE film as gaskets. 
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5.5.6 Characterization and Performance Study of PBI Membranes and PBI/EGO 

Membranes Based MEAs 

For Raman measurement, the sample MEA was measured with the Renishaw inVia confocal 

Raman microscope. The experiments were carried out with a 785nm CW laser (400mW), a 

100× objective lens. TGA was performed from room temperature to 800℃ with a 10℃/min 

heating rate in air, to study the thermal stability of membranes. The stress-strain behaviour of 

PA doped membranes was tested by a tensile test instrument (INSTRON 3344) at a strain rate 

of 1mm min-1 at room temperature. SEM was performed on Quanta 650 with 5kV beam energy. 

MEAs were tested in a homemade fuel cell set up with the 100ml/min flow rates of oxygen and 

hydrogen. Polarization curves, Electrochemical Impedance Spectroscopy (EIS) and linear 

sweep voltammetry (LSV) were performed by GAMRY E5000. EIS was performed at a 

constant current operating environment (0.5A) from 10000 Hz to 0.1 Hz. LSV was performed 

when the anode and cathode connect to 100ml/min hydrogen and 100ml/min nitrogen, 

respectively. During the LSV measurement, the voltage increases from 0 to 550mV with 1mV/s 

scan rate and 2mV step size. Accelerated stress test (AST) is performed alternately at 0.6A cm-

2 (4 minutes) and 1Acm-2 (16 minutes), and the open-circuit voltage is operated for 10 minutes 

every 6 hours [48]. 

 

5.6 Results and Discussion 

5.6.1 Characterization of Raw Materials for Electrochemical Exfoliation 

To better understand the electrochemical exfoliation reaction of graphite, an initial 

characterization of graphite raw materials used was carried out. As mentioned, graphite foils 

are made of natural graphite after physical, chemical and mechanical treatment. This can be 

seen from SEM images of graphite foil, natural graphite flakes and vein graphite, which can be 
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observed in Figure 5. 2a, b and c respectively. The graphite foil has a different morphological 

structure from natural graphite flakes and vein graphite. The graphite foil has a large-sized 

layered structure, but its surface has obvious compression characteristics, and the graphite layer 

has a large number of folds. The base surface of this type of graphite foil is usually considered 

to be formed by stacking micron-sized graphitized platelets in a disordered manner, and 

therefore will have flaws such as wrinkling, overlapping, or folding. Unlike graphite foil, 

natural graphite flakes have a relatively flat layered structure. The layers of natural graphite 

flakes are tightly wrapped with each other [49]. The morphological structure of vein graphite 

is basically the same as that of natural graphite flakes. Vein graphite is also a kind of natural 

graphite. Its block structure is naturally formed without binders [39]. 
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Figure 5. 2. Characterization of graphite: (a) SEM image of graphite foil; (b) SEM image of natural graphite flakes; (c) SEM 

image of vein graphite, (d) Raman spectroscopy of graphite foil, natural graphite flakes and vein graphite 

 

Raman spectra of graphite foil, natural graphite flakes and vein graphite are shown in Figure 

5. 2d. For graphite and graphene materials, Raman spectroscopy is an effective tool for 

evaluating defects or structural quality of carbon lattices, mainly achieved by analysing the 

position, shape and the relationship of three main peaks. The defect-activated D peak, attributed 

to functional groups or structural disorder, appears around 1328 cm−1 to 1340 cm−1. The G 

peak corresponding to the phonon mode in-plane vibration of sp2 carbon atoms appears near 
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1572 cm−1 to 1599 cm−1. The 2D peak, which is the second-order of D peak, indicating the 

characteristic of few-layer graphene appears at 2648 cm−1  to 2694 cm−1   [50]. The ratio 

between the intensity of D peak and G peak (ID/IG) indicates the extent of disorder and defects 

[51]. The structural quality of these graphite materials does not show a significant difference. 

The D peak of natural graphite flakes can be basically ignored. The D peak of graphite foil is 

also not obvious. Vein graphite has the most obvious D peak by comparison. Although the 

processing of graphite foil has caused a change in its morphological structure, its lattice 

structural quality is not significantly changed according to Raman. 

5.6.2 Characterization of EGO 

With 0.1M ammonium sulfate as the electrolyte and a voltage of 10V, vein graphite quickly 

cracked due to its fragile structure and the lack of mechanical assistance. In a short period of 

time, a large number of fragments sink to the bottom under the action of gravity. Therefore, it 

is difficult to perform continuous electrochemical exfoliation using vein graphite to obtain 

graphene products. The feasibility of electrochemical exfoliation and product characterization 

are mainly carried out with graphite foil and natural graphite flakes. 

Natural graphite flakes (in the reactor) and graphite foil were subjected to electrochemical 

exfoliation under the same conditions (applied voltage of 10V, 0.1M ammonium sulphate 

solution as electrolyte, and duration of 1 hour), to obtain graphene-like products. Under such 

conditions, the products obtained using graphite foil and natural graphite flakes as raw 

materials are named FO-0.1-1 and FL-0.1-1, respectively. A reactor with a cover diameter of 

4 cm can be filled with approximately 1200 mg of graphite flakes. The mass of the graphite 

foil used for exfoliation is approximately 900 mg. Due to the special structure of the reactor, 

part of the graphite flakes are not immersed in the electrolyte to ensure that the copper foil 

connected to the external circuit is not immersed in the electrolyte. This part of the graphite 



228 

 

flakes that have not participated in the reaction can be easily recovered and filled into the next 

batch. It is difficult to reuse the graphite foil that has been reduced in consumption to obtain 

large-volume products. The consumption of graphite flakes and graphite foil in the final reactor 

is about 800mg and 700mg, respectively. After one hour of reaction followed by dispersion 

and centrifugation, the final product yields were 90% and 75% of the consumption of graphite 

flakes and graphite foil, respectively. 

EGO from different graphite materials (FO-0.1-1 and FL-0.1-1) were dispersed in DI water 

and DMAc to a concentration of 0.6 mg·mL-1 by sonication. The dispersions were used to 

observe the stability of EGO in DI water. The effects after settling for different times are shown 

in Figure 5. 3a. The dispersion of FL-0.1-1 in water and DMAc is more stable than FO-0.1-1. 

To prove stronger hydrophilicity for FL-0.1-1, contact angle measurements have been 

conducted for both materials, showing a larger contact angle for FO-0.1-1 with a value of 88.6o 

while the value obtained for FL-0.1-1 is 64.7o. The easier dispersion in water and DMAc is 

advantageous for the further processing and functionalization of graphene-based materials. The 

higher the polarity of the graphene surface, the easier it is to disperse in water and DMAc. This 

property mainly depends on the degree of functionalization of graphene during the oxidation 

process [52]. Another proof of the larger amount of functionalization obtained with natural 

graphite flakes during the exfoliation in the reactor, is the colour that both dispersions show at 

the same concentration, as can be observed in Figure 5. 3b. The diluent of FO-0.1-1 dispersion 

(0.08mg mL-1) is light grey and the diluent of FL-0.1-1 dispersion (0.08mg mL-1) is 

brown/yellow, which is usually the colour for GO when it is obtained by a traditional chemical 

exfoliation [53].  
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Figure 5. 3. (a)The effects after settling of FO-0.1-1and FL-0.1-1 in water and DMAc, (b) Diluted EGO dispersion of FO-0.1-

1 and FL-0.1-1 in DI water, (c) TGA curves of FL-0.1-1 and FO-0.1-1 

 

Electrical conductivity is measured by a 4-probe method. The calculation formula of 

conductivity is shown in Equation S5- 2(supporting information). The detailed parameters are 

shown in Table S5. 1 (supporting information). FL-0.1-1 (261 S m-1) has significantly lower 

conductivity than FO-0.1-1 (9115 S m-1). As mentioned, the structure of graphene makes it 

have very good electrical conductivity. However, the introduction of the disordered structure 

due to the different oxygen functional groups present in GO will significantly change the 

electronic properties [54][55].  

The thermal stability for both samples, FL-0.1-1 and FO-0.1-1, has been also evaluated. TGA 
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analysis has been conducted in air and the results obtained are shown in Figure 5. 3c. From 

TGA results, it can be concluded the thermal stability for the samples is significantly different. 

In addition to that, information about the amounts of functional groups present on the samples 

can be also obtained. The weight of FO-0.1-1 remained relatively stable until about 500°C. For 

FL-0.1-1, more significant water loss in the initial stage due to its higher hydrophilicity making 

it less likely to be dried at room temperature [56]. There is also a relatively rapid weight drop 

of FL-0.1-1 around 200℃, which is generally considered to be a mass loss due to the pyrolysis 

or reduction of the oxygen-containing functional group [57][58]. The weight loss of around 20% 

can be measured for FL-0.1-1 while only 4% for FO-0.1-1.  

Fourier-transform infrared (FTIR) spectroscopy is a tool for analysing chemical bonding in 

materials [59]. For FO-0.1-1 and FL-0.1-1, the chemical bonds found mainly include C = C 

(1574 cm−1, 1645 cm−1,1671cm−1 ; Stretching vibration of sp2 carbon ), C-O (1023 cm−1, 

1209-1275 cm−1; Stretching vibration of the hydroxyl group), C = O (1728 cm−1; Stretching 

vibration of a ketone, ester, aldehyde or carboxyl group ) and O-H (1363-1389 cm−1) [32]. The 

spectral positions of these chemical bonds are shown in Figure 5. 4a. The existence of these 

chemical bonds proves the generation of oxygen-containing functional groups. Therefore, 

under the specific conditions of this work, no matter whether graphite foil or graphite flakes 

are used, the anodic electrochemical exfoliation will cause oxidation, which is the disadvantage 

of using anodic electrochemical exfoliation to prepare pristine graphene [38].  
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Figure 5. 4. Chemical bonding and elemental characterizations: (a) FT-IR spectra of FO-0.1-1 and FL-0.1-1, (b) XPS survey 

spectra of FO-0.1-1 and FL-0.1-1, (c) XPS C 1s spectra of FO-0.1-1 and FL-0.1-1, (d) XPS spectra of N 1s of FL-0.1-1, (e) 

Raman spectra of FO-0.1-1 and FL-0.1-1, (f) D peak Raman mapping of FO-0.1-1, (g) D peak Raman mapping of FL-0.1-
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To obtain further detail about the chemical composition and elemental content of different EGO 

samples, XPS has been performed. XPS survey and the C1 XPS spectra of FO-0.1-1 and FL-

0.1-1 are shown in Figure 5. 4b and c. It can be seen from the XPS survey spectra of both 

samples that the oxygen content of FL-0.1-1 is significantly higher than that of FO-0.1-1 being 

21.02% and 13.99% respectively. If the O/C ratios are compared, there is also a significant 

difference between both samples being 0.177 for FO-0.1-1 and 0.274 for FL-0.1-1. The 

difference in oxygen content illustrates the difference in the degree of oxidation of the two 

graphene products. Although FO-0.1-1 has a certain amount of oxygen content and local 

oxidation, it is generally regarded as pristine graphene made by electrochemical exfoliation, 

although its O/C ratio is slightly higher than the theoretical threshold of graphene oxide O/C 

ratio (0.167) [30][32][38][40]. However, FL-0.1-1 is considered to be graphene oxide by virtue 

of its oxygen content [36][37] [47].  

The C 1s spectra of FO-0.1-1 and FL-0.1-1 are shown in Figure 5. 4c. The C 1s spectra peaks 

can be deconvoluted into C-C (sp2), C-O, and C=O at 284.5 eV, 285.3 eV, 287.8 eV 

respectively [30] [37] [60]. The C 1s spectra fitting results correspond to FT-IR. The oxidation 

reaction during exfoliation is shown in Figure S5. 4. It can be seen from the oxidation step of 

graphite in the exfoliation process that the hydroxyl group is the group that is most easily 

carried on the surface of graphene. The C-O content is 14.56% for FO-0.1-1 while 25.48 for 

FL-0.1-1.  

According to the XPS spectra, there is 0.58% Nitrogen (N) in FL-0.1-1. The nitrogen can only 

come from the ammonium sulfate used in the electrochemical exfoliation. The XPS N 1s 

spectra of FL-0.1-1 is shown in Figure 5. 4d. The N 1s spectra peaks can be deconvoluted into 

pyrrolic N at 400 eV [61]. The mechanism of nitrogen doping during electrochemical 

exfoliation has been proposed by previous publications [62]. Pyrrolic nitrogen is exactly the 

type of nitrogen on PBI. It can be used to capture phosphoric acid molecules to improve the 
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conductivity of the membrane [63].  

Raman spectra of each exfoliated graphene are shown in Figure 5. 4e. As mentioned earlier, 

ID/IG indicates the extent of disorder and defects. It is worth noting that the ID/IG the ratio of 

FL-0.1-1 is significantly larger than that of FO-0.1-1 presenting a ratio 𝑜𝑓 0.67 for FO-0.1-1 

while 1.52 for FL-0.1-1. Based on the hydrophilicity, thermal stability and conductivity of the 

samples mentioned above, as well as the results exhibited by XPS and FT-IR, it is reasonable 

to believe that the ratio difference is due to the different extent of defects caused by the 

introduction of oxygen-containing functional groups. Corresponding to XPS, the Raman 

spectrum of FL-0.1-1 is more in line with the characteristics of the Raman spectrum of 

graphene oxide. The measured ID/IG ratio may be slightly higher than the value corresponding 

to the oxygen-containing functional group, which may be due to the smaller size of EGO [64]. 

However, since the EGO obtained under different conditions has similar sizes, it has little effect 

on the comparison of the content of oxygen-containing functional groups. 

Raman mapping of the D peak for samples FO-0.1-1 and FL-0.1-1 is represented in Figure 5. 

4f and Figure 5. 4g in a 3D diagram which can better display the distribution of defects. 

Mapping a square area of 10 × 10 µm in the centre of graphene flake. The red area indicates 

the area with a higher D peak. From the mapping obtained, it can observe that FL-0.1-1 has a 

more uniform defect distribution; in contrast, defects of FO-0.1-1 are only distributed at the 

edge of the slice. Compared to foil, natural graphite flakes in the reactor have more time to be 

slowly oxidized instead of just being exfoliated quickly. The uniform distribution of oxygen-

containing functional groups also makes graphene obtained by exfoliation of natural graphite 

flakes have better dispersion stability in water. 

The flake size of as-synthesised graphene oxide was evaluated by SEM while the thickness 

was measured by AFM and TEM as can be shown in Figure 5. 5. The dimensional overview 
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of the FL-0.1-1 sheet on a silicon wafer is shown in Figure 5. 5a and the dimension distribution 

of FL-0.1-1 is shown in Figure 5. 5b. The dimension of FL-0.1-1 is relatively small compared 

to FO-0.1-1 whose SEM image is shown in Figure 5. 5c and dimension distribution is shown 

in Figure 5. 5d. Most FL-0.1-1 sheets are between 1 and 3 µm, with an average of about 2.5 

µm, while the mean flake size of FO-0.1-1 is around 5µm. There are also very few EGO sheets 

larger than 10 µm in size shown in Figure 5. 5e. The smaller size of FL-0.1-1 is probably due 

to the longer contact current of the graphene material, and thus the longer participation in 

exfoliation. The thickness of single-layer graphene is generally considered to be equivalent to 

the interlayer distance of graphite, 0.34 nm [56]. However, considering the factors such as the 

generation of defects, nitrogen doping, the addition of functional groups, and the enhancement 

of hydrophilicity, the thickness of graphene oxide increases compared to graphene, which is 

usually defined as 1nm [56][65]. A typical AFM image of FL-0.1-1 is shown in Figure 5. 5f, 

and the AFM overview image of FL-0.1-1 on silicon wafer is shown in Figure S5. 5. As shown 

in the graph of graphene oxide layer number distribution of FL-0.1-1, Figure 5. 5g, the number 

of layers of FL-0.1-1 is mainly distributed between 1 to 9 layers, most of which are 3 layers, 

and the average number of layers is about 3.66 layers. Figure 5. 5h shows the TEM image for 

the FL-0.1-1 sample. The flakes observed are transparent which indicates that the flake of FL-

0.1-1 are thin. Further observation through selected area diffraction reveals that the diffraction 

patterns of some samples (Figure 5. 5i) show a typical six-fold symmetry and the brightness 

of the 0-110 plane is higher than that of the 0-120 plane, which indicates the existence of single-

layer graphene oxide [66]. As the thickness distribution of FO-0.1-1 shown in Figure 5. 5d, 

FO-0.1-1 is mainly based on 2nm and 3nm thick. Although FO-0.1-1 is closer to graphene than 

graphene oxide, it is still partially oxidized and may have wrinkles, which can correspond to 

XPS and SEM. Therefore, the definition of the thickness of the monolithic layer in FO-0.1-1 

is tricky. The typical AFM image of FO-0.1-1 is shown in Figure S5. 6.  
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Figure 5. 5. Morphological and Structural Characterizations: (a) SEM overview image of FL-0.1-1; (b) flakes size distribution 

of FL-0.1-1; (c) SEM overview image of FO-0.1-1; (d) flakes size distribution and thickness distribution of FO-0.1-1; (e)large 

size sheet of FL-0.1-1; (f) AFM image of FL-0.1-1; (g) thickness distribution FL-0.1-1; (h) TEM image of FL-0.1-1; (i) Selected 

area electron diffraction (SAED) of FL-0.1-1 

 

It can be seen from the above comparison that the graphene materials obtained by 

electrochemical exfoliation of different raw graphite materials are different. In order to further 

explore which variables, such as raw materials and mechanical assistance of the reactor, caused 

these differences, the reactor has been also used to exfoliate graphite foil. Graphite foils were 

divided into small pieces and fed into the reactor. This exfoliation process also uses 0.1M 

ammonium sulfate solution as electrolyte and is carried out at 10V. The graphene product 
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obtained in 1 hour is so called FOR-0.1-1. The specific procedure and results are shown in 

supporting information (Figure S5. 7 and Figure 5. 5).  

Table 5. 1 shows the reaction conditions and product parameters when using different methods, 

raw materials, and whether the new reactor was used. CGO represents the graphene generated 

by traditional chemical exfoliation, Hummers’ methods. From the data shown in Table 1, it is 

not difficult to find that the graphene oxide obtained by using electrochemical exfoliation in 

this work has a slight gap compared with the Hummers method in terms of hydrophilicity and 

oxidation degree. However, this work achieves a good connection between the reactor and 

graphite flakes. Compared to Hummers methods, it greatly reduces the reaction time and does 

not use any harmful environmental oxidants to produce high yield graphene oxide with a 

certain degree of oxidation. Compared to the typical electrochemical exfoliation using graphite 

foil as a raw material, it reduces the cost of raw materials while increasing the degree of 

oxidation and does not significantly weaken the exfoliation. Compared with the current 

relatively advanced method of using electrochemical exfoliation to produce graphene oxide 

[37] (two-step electrochemical exfoliation based on graphite foil), the method of this work 

eliminates the use of concentrated sulfuric acid and has a higher oxygen content, and uses 

natural graphite to reduce costs. 
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Table 5. 1. Comparison of reaction process and product parameters of different exfoliating methods [67][68][69] [37] 

 CGO 

EGO 

(This work) 

(Graphite foil 

without reactor) 

EGO 

(This work) 

(Graphite foil with 

reactor) 

EGO 

(This work) 

(Graphite flakes 

with reactor) 

Exfoliated 

graphite 

(This work) 

EGO  

(two-step 

exfoliation) 

Raw material 

Natural 

graphite 

flakes 

Graphite foil Graphite foil 
Natural graphite 

flakes 
Vein graphite Graphite foil 

Reaction time 
More than 1 

week 
1 hour 1 hour 1 hour -- 

30 minutes 

-40 minutes 

Chemical used 

KMnO4 

H2SO4 

NaNO3 

H2O2 

0.1 M (NH4)SO4 0.1 M (NH4)SO4 0.1 M (NH4)SO4 
0.1 M 

(NH4)SO4 

Concentrated 

H2SO4 

0.1 M 

(NH4)SO4 

Mean flakes size 

(μm) 
6-25 5 5 2.5 graphite 3.12 

Average 

layers/thickness 
1-5 2.95nm  -- 3.66 graphite -- 

O/C ratio (XPS) 0.33 - 0.5 0.177 0.247 0.274  0.217 

Water contact 

angle 
61.8° - 11.6° 88.6° -- 64.7° graphite -- 

Yield ~100% 78% 25% 90% <1% 71% 



238 

 

The degree of oxidation of this graphene oxide can be further increased by increasing the 

electrolyte concentration or reaction time. The products characteristics obtained under different 

conditions are shown in Table 5. 2. The specific Raman and XPS spectra are shown in Figure 

S5. 9 and Figure S5. 10. It can be seen from Table 5. 2 that when the reaction time is increased 

from 1 hour to 2 hours and then to 3 hours, the conductivity of the obtained product gradually 

decreases, ID/IG ratio increases sequentially, and the O/C ratio and C-O content also increase. 

Changes in all these parameters indicate an increase in oxidation. Similarly, when the 

electrolyte concentration is increased from 0.1 M to 0.5 M and then to 1 M, each parameter 

shows an increase. As the exfoliation previously assumed, the samples exfoliated from natural 

graphite flakes with reactor obtain more oxygen-containing group since it has been exposed to 

current and bias for a longer time, resulting in more opportunities for hydroxide to be loaded 

onto the graphene surface. The most oxidized of these samples, FL-1.0-1, has an O/C ratio of 

0.3. 

Table 5. 2. Characteristics of exfoliated graphene oxide obtained from different electrolyte concentration and reaction time 

Name Reaction 

time (h) 
Concentration 

of solution 

(mol/L) 
σ 

(S m
-1

) 
I

D
/I

G
 

(Raman) 
2D peak 

(Raman cm
-1

) 
O/C atomic 

ratio (XPS) 
C-O 

Content 
(XPS %) 

FL-0.1-1 1 0.1 261 1.52 2677 0.274 25.48 

FL-0.1-2 2 0.1 250 1.55 2670 0.276 32.43 

FL-0.1-3 3 0.1 243 1.65 2676 0.302 36.42 

FL-0.5-1 1 0.5 251 1.66 2653 0.302 29.88 

FL-1.0-1 1 1.0 241 1.69 2661 0.307 32.22 
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5.6.3 Mechanism of Reactor Based Electrochemical Exfoliation 

Based on experimental results and characterization, a reasonable assumption for the 

electrochemical exfoliation mechanism in the reactor can be suggested. XRD patterns of 

natural graphite flake and exfoliated graphene oxide with different exfoliation time are shown 

in Figure 5. 6a, and the schematic diagram of proposed mechanism is shown in Figure 5. 6b.  
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Figure 5. 6. Electrochemical exfoliation mechanism based on graphite and 3D printed reactor： (a) XRD patterns of natural 

graphite flake and exfoliated graphene oxide with 15minutes, 30 minutes and 45 minutes reaction, (b) Reactor mechanical 

structure related operation mechanism 

 

A graphite intercalation compound (GIC) refers to a system where a reactant is inserted into 

the graphite interlayer under the action of an intercalator and bonds with the carbon atoms in 

the interlayer wall to form a compound that will not damage the structure of the graphite layer 
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[70]. The number of stages is defined as the number of graphene layers between two 

intervening layers, and the corresponding substance is called stage n GIC [71]. The formation 

of low stage GIC is an important prerequisite for the generation of graphene oxide because one 

of the important steps of the oxidation process is achieved by the replacement of the 

intercalating agent with an oxidizing agent [37]. As the XRD patterns shown in Figure 5. 6a, 

after 15 minutes of reaction, the sharpest peak of graphite (G-phase characteristic peak 002) 

shifted from 26.5 ° to 22.1 °, which illustrates the formation of a stage 1 GIC [72][73][74]. The 

broad peak of 18.9 ° appearing in the XRD pattern after 15 minutes reaction indicates that 

graphite is further oxidized and the interlayer distance becomes larger [75]. This data indicates 

that the natural graphite flakes in the reactor were not directly exfoliated in the initial stage but 

intercalated and oxidized. As the schematic diagram shows in Figure 5. 6b, the interconnection 

between the graphite flakes is achieved by squeezing the graphite flakes by the external force 

applied by the spring and the reaction force of the inner wall of the reactor. As was shown by 

SEM, graphite foil is made by expanded graphite and the internal interlayer of each single 

graphite flake is relatively tight. However, there is a certain gap between the natural graphite 

flakes despite the external force of the squeeze. When the oxygen bubbles generated by reaction 

on the graphite surface are large enough, some of the surrounding graphite flakes will be pushed 

away from the collective by the bubbles, losing their connection to the current. Therefore, the 

reaction will stop on the surface or inside these isolated flakes. At the same time, the graphite 

flakes that have not left the collective are still connected to the current and continue to react 

generating new oxygen bubbles. When oxygen escapes from the pores of the reactor, the 

previously separated flakes return to the collective due to the squeezing effect of the external 

force and the connection with the current is re-established to continue the reaction. In short, at 

the same time of the reaction, there will always be some graphite flakes in the pause state of 

the reaction due to the push of the bubbles. This partial isolation of some graphite flakes once 
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the oxygen has accumulated makes the speed of the oxygen generated inside the reactor lower 

than when using graphite foil as the working electrode. This phenomenon can be observed 

during the experiment. This can also be reflected by the change in current over time when using 

the reactor and graphite foil to do exfoliation with the same voltage (10V) and the same 

electrolyte concentration, being the current needed for graphite foil significant larger than for 

graphite flakes as can be observed in Figure S5. 11. The slower oxygen generation speed 

makes the graphene sheet peel off more slowly, also makes the hydroxyl groups more inclined 

to combine with the electrons to form functional groups on the graphite surface to balance the 

generation and consumption of electrons. The oxidation reaction during exfoliation is shown 

in Figure S5. 4. Therefore, in the initial stage of the reaction, the most reactions that occur on 

and inside the graphite flakes are oxidation and anion intercalation rather than direct stripping 

(shown in Figure S5. 12).  

The formation of GIC causes graphite to expand. This expansion allows the further 

intercalation of the sulphate ions, sulphur oxide, and oxygen generated through oxidation from 

nucleophilic water within the interlayer gap of graphite and makes the graphite layer peel off 

[37][76]. As shown in Figure 5. 6a, as the reaction progressed to 30 minutes or even 45 minutes, 

two main peaks appeared in XRD patterns around 11 ° and 23 °, respectively. Among them, 

the peak appearing around 11 ° indicates the formation of graphene oxide with higher oxidation 

degree [37][77], and the peak appearing around 23 ° indicates the formation of graphene oxide 

with lower oxidation degree or unoxidized pristine graphene [78][79]. The content relationship 

between the two can be expressed by the peak area ratio of their corresponding peaks [46]. At 

45 minutes, the area ratio of the first peak to the second peak is significantly greater than that 

at 30 minutes (0.76 for 45 minutes and 0.40 for 30 minutes). This shows that over time, even 

if the graphene sheet is peeled off, it may be oxidized by reconnecting to the current under the 

squeeze of external force. This is due to the use of the reactor so that the exfoliated graphene 
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remains inside the reactor 

5.6.4 Characterization and performance of EGO/PBI composite membranes 

A pure PBI membrane and PBI membranes with 0.5wt%, 1wt% and 2wt% EGO loadings were 

prepared to explore the effect of EGO on PBI membrane performance. The acid doping level 

(ADL) of membranes is around 9.7 mol PA per repeat unit PBI.  The change in the weight of 

membranes overtime during the phosphoric acid doping process is shown in Figure S5. 13. 

The thickness of these membranes after phosphoric acid doping is about 126-140 μm. The 

Raman spectra of the PBI membrane and PBI/1%EGO composite membrane is shown in 

Figure 5. 7a. The difference between the Raman spectra of EGO/PBI composite membrane 

and the Raman spectra of pure PBI is the peak at 1300cm-1 and 1600cm-1. The ratio of PBI/EGO 

peaks at these positions to other peaks increases. This is most likely due to the influence of the 

D peak and G peak of EGO. This shows the presence of graphene oxide in PBI. The effect of 

EGO on the thermal stability of PBI was evaluated by TGA in the air atmosphere as shown in 

Figure 5. 7b. The weight loss of all membranes is mainly reflected in two stages, namely the 

degradation of water and DMAc before the temperature rises to 200°C, and the decompose of 

the PBI backbone around 750°C. The TGA curves of all membranes show similarity within the 

allowable measurement error range and maintain good thermal stability before 600°C, which 

is due to the excellent thermal stability of the aromatic backbone of PBI and is not significantly 

affected by GO doping [15][24][80]. The reinforcing effect of EGO on PA doped PBI 

membranes are evaluated by tensile stress-strain behaviour as shown in Figure 5. 7c. Although 

Young's modulus of these PA doped membranes is basically the same, they are all around 46 

MPa. PBI/EGO composite membranes have greater tensile strength and elongation at break 

than pure PBI membranes. As the content of EGO increases, the maximum stress becomes 

larger and the maximum strain decreases. The enhancement of mechanical properties could be 

caused by the transfer of the force in the PBI matrix to the EGO nanosheet and the strong 
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interaction between EGO and PBI [14][23]. 

The polarization curves and power density curves of these membranes based MEAs are shown 

in Figure 5. 7d. From the perspective of the polarization curves, compared to the PBI 

membrane loaded with EGO, the voltage loss of the MEA is based on the pure PBI membrane 

in the medium current density stage, that is, the ohmic loss is significantly larger. This is also 

reflected in the Nyquist curve shown in Figure 5. 7e.  The comparison of membrane resistance 

is: PBI (287mΩ cm2) > PBI/0.5%EGO (204mΩ cm2) > PBI/ 1% EGO (192mΩ cm2) > PBI/ 2% 

EGO (160mΩ cm2). The increase in membrane conductivity can ultimately be reflected in the 

power density (shown in Figure 5. 7d). The peak power density of PBI/0.5%EGO (378mW 

cm-2), PBI/1%EGO (413mW cm-2) and PBI/2%EGO (429mW cm-2) is 13.8%, 24.4% and 29.2% 

higher than that of PBI (332mW cm-2), respectively. The improvement of the performance after 

adding EGO can be explained as the abundant functional groups in EGO strengthening the 

interaction between the membrane and phosphoric acid and establishing a better hydrogen bond 

network to improve the conductivity of the membrane [81]. In addition, nitrogen doping can 

provide an anchor point for the phosphoric acid, the hydrogen bond formed by the epoxy and 

carboxyl groups on the EGO can also help the proton hoping to improve conductivity [81].  
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Figure 5. 7. Characterization and performance study of PBI and PBI/EGO membranes: (a) Raman, (b) TGA (c) stress-strain 

behavior, (d) polarization curves and power density curves (150℃, anode: 100ml min-1 hydrogen, 1mg cm-2 Pt; Cathode: 

100ml min-1 oxygen, 1mg cm-2 Pt), (e) Nyquist curves and (f) LSV of PBI and PBI/EGO membranes 

LSV is an effective tool for detecting hydrogen crossover and electron crossover between 

anode and cathode through the membrane of PEMFC [82][83]. The LSV curves of pure PBI 
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membrane and PBI membrane with the highest EGO content (PBI/2%EGO) are shown in 

Figure 5. 7f. By taking the reciprocal of the linear fitting slope near 0.4V of the LSV curve, it 

can be seen that the short-circuit resistance of pure PBI membrane and PBI/2%EGO are 129 Ω 

cm2 and 123 Ω cm2 respectively. The short-circuit resistance of PBI/2%EGO is slightly smaller 

than that of pure PBI may be due to the electronic conductivity of EGO itself or reduction at 

high temperatures. However, this difference is not obvious. This is due to the interaction 

between PBI and EGO functional groups, which inhibits the reduction of EGO at high 

temperatures and prevents EGO from becoming more conductive reduced EGO [81]. In 

addition, the as-prepared EGO has been shown to have a smaller size to avoid short circuits 

caused by EGO penetrating both sides of the PBI membrane. According to LSV curves, the 

limit current density of PBI and PBI/2%EGO is approximately 7.5 mA cm-2 and 5.5 mA cm-2, 

respectively. According to Equation S5- 3, the hydrogen crossover of PBI and PBI/2% EGO 

are 8.7ⅹ10-8 mol s-1 and 6.4 ⅹ10-8 mol s-1, respectively. This indicates that PBI may have a 

larger hydrogen crossover compared to PBI/2%EGO. This may be due to the graphene material 

blocking the permeation of hydrogen. However, the intercept of the two curves on the Y-axis 

is not obvious, so it is tricky to accurately analyse the specific amounts of crossover of 

hydrogen through the two LSV curves.  
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Figure 5. 8. Appearance and SEM images of PBI and PBI/EGO composite membranes: (a) appearance of pure PBI, 

PBI/0.5%EGO and PBI/1.0%EGO, (b) SEM image of PBI/1.0% EGO surface ×5000, (c) SEM image of PBI/1.0% EGO cross-

section ×5000, (d) SEM image of PBI/1.0% EGO surface ×20000 

 

The performance comparison between EGO prepared by electrochemical exfoliation in this 

work and GO prepared by Hummers’ methods doped in PBI is shown in Table 5. 3. Previous 

literature have proposed that the application potential of GO/PBI composite membranes in 

high-temperature PEM fuel cells depends on factors such as better proton conductivity or 

mechanical properties of the membrane. However, the research on the performance of specific 

GO/PBI composite membrane-based fuel cells that can be used for reference is very limited. 

This may be related to the fact that the GO without further functionalization is prone to 

agglomerate during the evaporation of the 2wt% PBI/DMAc solution (typical concentration 
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used in literature), making the distribution of GO not uniform [21]. The PBI/DMAc solution 

with a concentration of 20wt% (high viscosity) and a doctor blade method was used in this 

work to make the distribution of GO more uniform. This can be reflected by the appearance 

and the SEM diagrams of PBI membranes with different EGO loadings which are shown in 

Figure 5. 8. As shown in Figure 5. 8a, with the increase of EGO loading, the colour of the 

membranes gradually changed from light brown to dark brown, and the colour change was very 

uniform. It can be seen from the SEM images of the surface and cross-section of PBI/1.0%EGO 

(shown in Figure 5. 8b and c, respectively) that PBI/1.0%EGO is quite homogeneous and the 

surface of PBI/1.0%EGO is very flat. The size and distribution of EGO in the PBI membrane 

can be represented by Figure 5. 8d. The size of EGO is about 0.4 to 1µm. This small size is 

conducive to the uniform distribution of EGO in PBI membranes. Üregen et al. and Xu et al. 

tested the performance of Hummers’ method made GO / PBI composite membrane in high-

temperature PEM fuel cells [21][81]. Although the GO/PBI composite membranes used in their 

work have the same GO loading and similar peak power density, there are obvious differences 

in their peak power density improvement compared to their pure PBI (22.5% and 72% 

respectively), which may be attributed to the poor performance of pure PBI (about 200mW/cm2) 

in  the work of Xu et al.  In recently published works, the peak power density of high-

temperature fuel cells based on pure PBI membranes are mostly between 270-390mW cm-2 at 

150°C [84][85][86]. Yang et al. tried to use Triazole modified graphene oxide to dope in PBI 

and got good peak power density at a higher temperature (180°C), but it was only 6% higher 

than pure PBI [23]. Although PBI/2%EGO membrane prepared in our work uses lower 

operating temperature and lower PA doping level, compared to GO made by Hummers’ method, 

the doping of EGO prepared in this work shows similar or higher power density and 

improvement compared to pure PBI membranes. Besides, the benefits of electrochemical 

exfoliation such as reduced environmental impact, fast, high yield, low cost should not be 
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underestimated. In addition, the PBI/2%EGO composite membrane prepared in this work 

showed better stability in AST. After running for nearly 70 hours AST by chronopotentiometry 

scan between 0.6A cm-2 and 1A cm-2, The voltage of PBI/2%EGO composite membrane based 

MEA at 0.6A cm-2 and 1A cm-2 dropped by 11.4% and 16.5%, while pure PBI membrane based 

MEA dropped by 16.9% and 33.3%, respectively. The AST of PBI/2%EGO and pure PBI are 

shown in Figure S5. 14. The better durability may be due to the PBI/EGO composite 

membrane having better thermal stability, mechanical property, and ability to slow down the 

leaching of phosphoric acid. 

Table 5. 3. The performance comparison between EGO prepared by electrochemical exfoliation in this work and GO prepared 

by Hummers’ method [81][21][23] 

 

 

 

 

 

 

 

GO type 
GO 

preparation 

GO 

Loading 

(wt%) 

ADL 

Working 

temperature 

(℃) 

Peak power 

density 

(mW/cm2) 

Improvement 

compared to 

pure PBI 

Pure GO 

(this work) 

Electrochemical 

Exfoliation 
2 9.7 150℃ 429 29.2% 

Pure GO  
Hummers’ 

method 
2 13 165℃ 380 22.5% 

Pure GO  
Hummers’ 

method 
2 11 175℃ 380 72% 

Triazole 

modified 

graphene 

oxide  

Modified 

Hummers' 

method 

1.2 12.2 160℃ ~450 ~6% 
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5.7 Conclusions 

In summary, a 3D printing-based reactor is designed to use natural graphite flakes for 

electrochemical exfoliation to obtain large yields of graphene oxide. This process is 

implemented using only ammonium sulphate salt solution and no strong acid or strong oxidant. 

Characterization of the graphene oxide shows that the GO exfoliated from natural graphite 

flakes mainly consists of two-three layers and has a smaller size, compared with products 

obtained using graphite foil under the same conditions (10V and 1M Ammonium sulphate 

solution as electrolyte). The oxidation degree of the product exfoliated from natural graphite 

flakes with the reactor is higher. According to Raman mapping, its functional group distribution 

is not only distributed on the edge like exfoliated products from foil, being more uniformly 

distributed on the graphene. In addition, for the graphene oxide exfoliated from natural graphite 

flakes with the new reactor, by increasing the electrolyte concentration or increasing the 

reaction time, the electronic conductivity will decrease; defect level and the oxygen content 

will increase. These indicate that increasing the reaction time or electrolyte concentration will 

increase the degree of oxidation. The comparison experiment and the method of controlling 

variables prove that natural graphite flakes and the reactor cause the difference between 

graphene products obtained by exfoliating two different raw materials, due to the different 

exfoliating mechanisms caused by the combination of natural graphite flakes and the special 

structure of the reactor. The as-prepared EGO is applied in PBI membrane composites to 

improve the performance of high-temperature PEMFC. PBI/EGO has better proton 

conductivity. The maximum power density of PBI/0.5%EGO (378mW cm-2), PBI/1%EGO 

(413mW cm-2) and PBI/2%EGO (429mW cm-2) is 13.8%, 24.4% and 29.2% higher than that 

of PBI (332mW cm-2), respectively. In addition, EGO improves the mechanical behaviour, and 

durability under AST of PBI.
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5.11 Supplementary Information 

The appearance of raw materials for electrochemical exfoliation are shown in Figure S5. 1. 

Nature graphite flakes and vein graphite are natural graphite without treatment. Graphite foil 

is made by natural graphite flake with chemical, thermal and mechanical treatment. 

 

Figure S5. 1. The appearance of natural graphite flakes, graphite foil and vein graphite. 

 

The engineering drawings of the exfoliation cell and parts are shown in Figure S5. 2. The 

shape of graphite after loading is generally inverted “T”. The platinum rod was also bent at 90 

degrees and then formed into a ring structure. As shown in Figure S5. 2a, the two 90-degree 

bends change the two electrodes from vertical parallel to horizontal parallel (as shown by the 

green line ① and blue line ②). 

The base (shown in Figure S5. 2b) and the cover (shown in Figure S5. 2c) of the reactor of 

the reactor are connected by a tenon structure and can be easily removed by rotation. The role 

of the base is to raise the graphite to ensure that the copper sheet is not immersed in the solution 

while allowing enough solution for reaction in the beaker. The bottom of the cover is designed 

with an inclination of 10 ° to ensure that the graphite inside the reactor is fully squeezed in all 

directions. Although the holes on the cover are slightly larger than the size of natural graphite 
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flakes, due to the infiltration of the solution, the graphite as a whole is lumpy and fully squeezed 

inside, and the generate bubbles will seal the voids, so there is only a small amount of graphite 

leaked during reaction. The plug of the reactor (as shown in Figure S5. 2d) can seal the graphite 

from the top and apply pressure to the graphite by means of a spring. The slot on the side allows 

the copper sheet to attach to conduct current. The reason why the plug is not designed as a 

copper product is that it can be replaced at any time once the copper sheet is corroded, which 

greatly reduces the amount of metal. 
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Figure S5. 2. Engineering drawing of (a) exfoliation cell, (b) Holder, (c) Cover, (d) Plug 

(b) 
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Figure S5. 3. Schematic diagram of electrochemical exfoliation of graphite process. 

 

The Phosphoric acid doping level (ADL) is calculated according to Equation S5- 1. The 

content of phosphoric acid is obtained by drying the PA doped membrane at 80°C in vacuum 

oven for three hours to remove the moisture and subtract the initial weight of the membrane. 

ADL=(WPA/MPA)/(WPBI/MPBI)                                                                                                     

Equation S5- 1 

WPA: phosphoric acid content 

MPA: molar mass of the phosphoric acid 

WPBI: PBI content 

MPBI: molar mass of the polymer repeat unit 

The four-probe method used in this work to obtain conductivity is obtained by measuring the 

sheet resistance of graphene and then calculating it by Equation S5- 2. 

 𝜎 = 1 (𝑅𝑠 ∙ 𝑡)⁄                                                                                                                 



270 

 

Equation S5- 2 

σ: Electrical conductivity 

RS : Sheet resistance 

t: thickness 

 

The oxidation reaction during exfoliation is shown in Figure S5-4.  

 

 

Figure S5. 4. The oxidation reaction during exfoliation 
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Figure S5. 5. AFM overview diagram of FL-0.1-1 

 

 

Figure S5. 6. Typical AFM image of FO-0.1-1 

 

By observing the reaction, it is not difficult to find that the exfoliation process of graphite foil 

in the reactor is very slow. Compared to graphite flakes, which are smaller and thinner, graphite 

foil has a smaller specific surface area in contact with the solution, which slows down the 

exfoliation process. The SEM image of FOR-0.1-1 is shown in Figure S5. 7. Under SEM, the 

FOR-0.1-10 sample did not appear translucent and its color was dark, indicating that the 

~3nm

~3nm

10um 
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graphite sheet was not significantly exfoliated. Therefore, the reactor designed in this work is 

not suitable for electrochemical exfoliation of graphite foil. Combined with the aforementioned 

experimental phenomenon when using vein graphite as raw material, it is also difficult to use 

natural graphite for mass electrochemical exfoliation without the mechanical assistance of the 

reactor.
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Figure S5. 7. SEM diagram of FOR-0.1-10 

 

The Raman spectra and XPS survey spectra of FOR-0.1-10 are shown in Figure S5. 8 a and b 

respectively. The Raman spectra of FOR-0.1-1 shows a high ID/IG being 2.15 which indicate a 

high disorder or high defect level. However, the XPS survey spectra show that their oxygen 

content is not that high, being 19.65% which is less than FL-0.1-1. Combining the high defect 

degree and lower oxidation degree of FOR-0.1-1 compared to FL-0.1-1, this product is more 

caused by non-oxidizing factors in the disorder and defect of the carbon structure. By 

comparing FOR-0.1-1 and FO-0.1-1, the use of the reactor can indeed improve the degree of 

oxidation of electrochemical exfoliation.  However, the cause of FL-0.1-1 specific properties 

is most likely the combination of the structure of raw materials and the mechanical assistance 

of the reactor since simply using natural graphite or the reactor can not achieve the production 

of high-quality graphene oxide with a certain oxygen content. 
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Figure S5. 8. Raman and XPS spectra: (a) Raman spectra of FOR-0.1-10; (b) XPS survey spectra of FOR-0.1-10 
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Figure S5. 9. Raman spectra of FL-0.1-2, FL-0.1-3, FL-0.5-1and FL-1.0-1 
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Figure S5. 10. XPS C1 s spectra and survey spectra of FL-0.1-2, FL-0.1-3, FL-0.5-1 and FL-1.0-1 
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Figure S5. 11. The change of the current during the exfoliation process over time 

 

 

Figure S5. 12. Electrochemical exfoliation chemical mechanism. 

 

   
          

Natural graphite has a 

regular layered structure

Cations enter the interlayer 
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Figure S5. 13. Changes in weight of PBI membrane and PBI/2%EGO composite membrane with time during phosphoric acid 

doping 

 

 

Figure S5. 14. AST of PBI and PBI/2%EGO based MEA 
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Table S5. 1. Calculation of electrical conductivity 

 

 

 

 

 

 

 

The hydrogen crossover is calculated according to Equation S5- 3. 

�̇�𝐻2 𝐶𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 =  𝑗𝐻2 𝐶𝑟𝑜𝑠𝑠 × 𝐴/ (𝑛 × 𝐹)                                                                            

Equation S5- 3 

�̇�𝐻2 𝐶𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟: hydrogen crossover flux 

𝑗𝐻2 𝐶𝑟𝑜𝑠𝑠: limiting current density 

A: fuel cell active area 

n: the number of electrons taking part in the reaction (2e- per H2 molecule) 

F: Faraday’s constant (96,485 C mol-1) 

 

 

 

 
Rs (Ω m-2) thickness(μm) σ (S m-1) 

FO-0.1-1 10.9 10 9115 

FL-0.1-1 382.0 10 261 

FL-0.1-2 400.5 10 250 

FL-0.1-3 410.7 10 243 

FL-0.5-1 361.5 11 251 

FL-1-1 414.8 10 241 
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6. Synthesis of Phosphonated Graphene Oxide by Electrochemical Exfoliation to Enhance 

the Performance and Durability of High-temperature Proton Exchange Membrane Fuel 

cells 

6.1 Manuscript Contribution 

The results presented in Chapter 6 are prepared for publication 

My contributions in this work are as follows: 

Conceptualization: Propose the idea of preparing functionalized graphene oxide using a 

suitable electrolyte in the electrochemical exfoliation method 

Methodology: Design and manufacture the 3D-printed reactor. Preparation of 

polybenzimidazole membranes. Prepare electrochemically exfoliated (phosphonated) 

graphene oxide. Characterize electrochemically exfoliated graphene (oxide) through Raman 

spectroscopy, scanning electron microscopy (with energy-dispersive X-ray spectroscopy), 

transmission electron microscopy, fourier-transform infrared spectroscopy, X-ray 

photoelectron spectroscopy and thermogravimetric analysis. Preparation, electrochemical 

performance testing, and durability testing of pristine membrane-electrode-assembly based on 

pure polybenzimidazole membrane and polybenzimidazole/ (phosphonated) graphene oxide 

composite membranes.  

Formal analysis: Process and analyze the characterization results of electrochemically 

exfoliated (phosphonated) graphene oxide. Process and analyze electrochemical 

characterization results including polarization curves, Nyquist curves and chronopotentiometry 

scan curves.   

Writing-original: Writing of the original draft of the manuscript. 

Full author list:  Jianuo Chen, Zunmin Guo, Maria Perez-Page, Yifeng Jia, Ziyu Zhao, Stuart 
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Holmes 

Authors contribution: 

Zunmin Guo: Methodology (Energy-dispersive X-ray spectroscopy, tensile test) 

Maria Perez-Page: Project administration, writing-review & editing 

Yifeng Jia: Methodology (Electrochemical performance testing) 

Ziyu Zhao: Methodology (Electrochemical exfoliation method) 

Stuart M. Holmes: Supervision, project administration, funding acquisition, writing-review 

editing. 
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6.2 Abstract 

The doping of functionalized graphene oxide (GO) in the membranes becomes a promising 

method for improving the performance of high-temperature proton exchange membrane fuel 

cells (HT-PEMFC). Phosphonated graphene oxide (PGO) with a P/O ratio of 8.5% was quickly 

synthesised by one-step electrochemical exfoliation based on a 3D printed reactor and natural 

graphite flakes. Compared with the GO prepared by the two-step electrochemical exfoliation 

method, the PGO synthesized by the one-step electrochemical exfoliation can better improve 

the performance of the membrane-electrode-assembly (MEA) based on the Polybenzimidazole 

(PBI) membrane in the HT-PEMFC. The doping of 1.5 wt% GO or PGO synthesised by 

electrochemical exfoliation in PBI increased the peak power density of 17.4% or 35.4% 

compared to MEA based on pure PBI membrane at 150℃, respectively. In addition, the doping 

of PGO in PBI improves its durability under accelerated stress test (AST). 

 

6.3 Keywords 

Electrochemical exfoliation; Phosphonated graphene oxide; High-temperature fuel cells 
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6.4 Introduction 

The importance of the application and development of the proton exchange membrane fuel 

cells (PMEC) as one of the most effective strategies of reducing resource deprivation and 

environmental pollution is being gradually recognised [1]. Different from low-temperature 

PEMFC based on humidified perfluorosulfonic acid (PFSA) membranes, phosphoric acid (PA) 

doped polymer-based high-temperature proton exchange membrane fuel cells (HT-PEMFC) 

can conduct protons through the hydrogen bond network between the polymer and PA to get 

rid of the excessively dependence on humidification and increasing the operating temperature 

[2][3][4]. The higher operating temperature is beneficial to the improvement of the catalyst 

activity and the promotion of the desorption of carbon monoxide on the surface of the catalyst, 

thereby reducing the HT-PEMFC's requirement for hydrogen purity. Besides, HT-PEMFC can 

effectively improve waste heat utilization [5]. Therefore, HT-PEMFC is promising for multiple 

fields such as automobile and aircraft manufacturing [6][7][8][9]. Polybenzimidazole (PBI) 

has become one of the most widely used polymers in HT-PEMFC due to its good physical and 

chemical properties [10]. However, the pure PBI membrane still faces the shortcomings such 

as insufficient proton conductivity, PA leaching, and weak mechanical properties under high 

acid doping levels (ADL) [11][12][13].  

The doping of inorganic fillers or functionalized inorganic fillers such as clay [14], silica [15], 

titanium [16], and carbon-based substrates[16][17][18], is proposed as an effective way to 

improve the mechanical properties, conductivity and durability of PBI, or alleviate PA leaching. 

The abundant oxygen-containing functional groups contained in GO not only promote its 

dispersion and functionalization in water or organic solution but also facilitate its connection 

with the host polymer through (non-)covalent bonds [19][20]. Moreover, GO can facilitate the 

hopping of protons and provide additional channels for proton transfer to improve proton 

conductivity [12][21]. GO is thus considered to be one of the most promising additives for 
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polymers in PEMFC. Compared with pristine GO, the acid-functionalized GO such as 

carboxylic acid [22], sulfonic acid [23][24] and phosphonic acid [25][26][27], can provide 

higher proton conductivity, better promote dispersion, and have better compatibility with 

polymers which further affects the mechanical properties and chemical stability of composite 

membranes. Among the acid groups available for GO functionalization, the phosphonic acid 

group stands out in the application of HT-PEMFC with low humidity due to its relatively strong 

water retention capacity, strong hydrogen bonding and amphoteric characteristics. 

The synthesis of acid-functionalized GO including phosphonated graphene oxide (PGO) 

usually involves a two-step or multi-step process, being the preparation of GO followed by the 

functionalization [22][23][24][25][26][27]. The preparation of graphene oxide mostly adopts 

the modified Hummers’ method, which requires the long-term reaction of graphite in strong 

oxidants and strong acids [28][29]. Large-scale GO preparation based on this reaction process 

may not only cause environmental or safety issues but also be time-consuming and costly [30]. 

Moreover, the acid functionalization of GO also involves the use of strong acid [17], strong 

bases [31] or radiation [32]. Therefore, the use of low-cost and environmentally friendly 

methods to prepare acid-functionalized GO remains to be proposed. With its advantages of low 

pollution, low power consumption, high efficiency and high yield, electrochemical exfoliation 

has become a promising method to take place of traditional chemical methods to prepare GO 

[33][34][35]. The anodic electrochemical exfoliation makes the graphite inevitably partially 

oxidized during the reaction [36]. In order to further increase the content of oxygen-containing 

functional groups, a two-step electrochemical exfoliation method was proposed, that is, the 

first step is to obtain graphite intercalation compounds (GICs) in concentrated sulfuric acid, 

and the second step causes the graphene to be oxidized and peeled off [37]. However, this 

method still requires the use of strong acid and the raw materials needs to be graphite 

processing products used in most electrochemical exfoliation method [38][39][40] such as 
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graphite foil [37][40] instead of natural graphite. A method of using a mixed solution of 

(NH4)2HPO4 and (NH4)2SO4 as an electrolyte to prepare phosphor-doped GO has also been 

proposed [41]. However, the purpose of this method is to prevent further oxidation of the 

graphene surface through the combination of phosphorus groups and diols to generate graphene 

with low oxygen-containing functional group content. 

In our previous work, natural graphite as raw material for electrochemical exfoliation without 

using strong acids and strong oxidants to synthesize GO with a certain oxygen-containing 

functional group content was achieved by designing a 3D printed reactor [21]. The relatively 

high oxygen content is due to the reactor binding the graphite inside to continually contact the 

current so that the nucleophilic ions can act on the graphene surface for a longer time. In 

addition to increase the content of oxygen-containing functional groups, a longer 

electrochemical action time may also allow the functionalization of GO to take advantage of 

opportunities. 

This work is dedicated to the use of electrochemical exfoliation to prepare PGO for PBI 

composite membranes in HT-PEMFC. Different methods of one-step and two-step 

electrochemical exfoliation with graphite foil as raw material, and 3D printed reactor-based 

one-step electrochemical exfoliation with natural graphite flakes as raw material was utilized 

to compare the difference in types and contents of prepared GO’s functional groups. The as-

prepared GO/PGO was applied to the preparation of the PBI composite membranes of HT-

PEMFC to explore their influence on the performance and durability of HT-PEMFC. 

6.5 Experimental Section 

6.5.1 The preparation of (P)GO 

To explore the differences in the types and content of functional groups of electrochemical 

exfoliation products under different conditions, three electrochemical exfoliation methods were 
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adopted. Graphite foil (Alfa Aesar, 0.5 mm thick) and natural graphite flakes (Alfa Aesar, −10 

mesh, 99.9%) were used as raw materials, alternatively. Concentrated sulfuric acid (>95% 

H2SO4) or 0.2 M ammonium dihydrogen phosphate (NH4H2PO4, Fisher, UK) acted as the 

electrolyte in different electrochemical exfoliation methods. Pt wire (Goodfellow, UK) served 

as the counter electrode. As the schematic diagram of preparation methods shown in Figure 6. 

1, three electrochemical exfoliation methods are named 1-step method, 2-step method, and 

reactor method. The design of the reactor is explained in detail in our previous work [21]. In 

short, natural graphite flakes are assembled in a detachable porous cover and base assembly. 

The graphite is squeezed into the reactor by a plug with copper foil (Wruth electronics, UK) 

attached to the cover with springs. The reactor allows the gas and ions to enter and exit through 

the holes while confining the graphite in it. 

• 1-step method 

The 45 mm × 15 mm × 0.5 mm graphite foil and Pt wire as the working electrode and the 

counter electrode were immersed in 100 mL of 0.2 M NH4H2PO4 solution with 15 V voltage 

applied. After the graphene is completely peeled off from the graphite foil, the graphene 

dispersion is vacuum filtered 3-5 times with DI water until the dispersion becomes neutral to 

remove the NH4H2PO4 residues. The washed graphene is dispersed in deionized (DI) water and 

sonicated for 10 min so that the graphene is further exfoliated and forms a uniform dispersion. 

The graphene dispersion was finally centrifuged at 1500 rpm for 15 minutes and the 

supernatant was taken to remove the graphite residue that was not fully exfoliated. 

• 2-step method 

The working electrode and counter electrode of the 2-step method is exactly the same as the 1-

step method but immersed in concentrated H2SO4 for the first step. The current was maintained 

at 100 mA and the voltage limit was 2.2 V in the first step. The first step ended 10 min after 
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the voltage reaches the limit voltage and the electrode is removed for the second step reaction. 

The second step of electrochemical exfoliation and subsequent processing steps are the same 

as the 1-step method mentioned above. 

• Reactor method 

The reactor assembly effect realizes that small-sized natural graphite flakes are used for 

electrochemical exfoliation to obtain large-scale products. Therefore, natural graphite flakes 

acted as working electrodes in this method. The copper foil extending along the wall of the 

plug can act as a medium for graphite to connect the external circuit. The reactor and the 

platinum wire serving as the counter electrode were placed in a beaker with an appropriate 

amount of 0.2 M NH4H2PO4 solution. As shown in Figure 6. 1, the liquid level of the solution 

submerged the bottom of the cover of the reactor but was lower than the bottom of the copper 

foil to prevent the copper sheet from participating in the reaction and corroding. The subsequent 

reaction and treatment process is the same as the 1-step method. 
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Figure 6. 1. Schematic diagram of (P)GO preparation methods 

 

6.5.2 The Preparation of Membranes 

The preparation of PBI membranes was carried out by the solution casting method. The 2 wt% 

PBI solution was prepared by stirring in an oil bath at 80 ℃ for 6 h to dissolve the PBI ionomer 

in dimethylacetamide (DMAc). 4 mL of as-prepared PBI solution was placed in the petri dish 

with a diameter of 50 mm and dried overnight at 80 ℃ followed by vacuum drying at 130 ℃ 

for 3h. The PBI membranes peeled off from Petri dishes were soaked in hot water at 60 ℃ for 

1 h to remove the DMAc residue. 

To prepare (P)GO/PBI composite membranes, the (P)GO dispersion prepared through different 

electrochemical exfoliation methods were vacuum filtered and dried at room temperature under 
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vacuum to form (P)GO films. The (P)GO films were dispersed into DMAc by ultrasonic, and 

then the amount of PBI ionomer that can form to (P)GO content ratio of 98.5 wt%: 1.5 wt% 

(PBI : (P)GO) was dissolved in (P)GO/DMAc dispersion in 80℃ oil bath to prepare 2 wt% 

(P)GO&PBI / DMAc solution. The subsequent preparation and processing methods are the 

same as the above-mentioned methods of pure PBI membranes. 

 

6.5.3 The preparation of membrane-electrode-assembly (MEA) 

The components of MEA are Toray carbon paper (TGPH 090, 280 μm), microporous layer 

(MPL), catalyst layer (CL), and membrane from outside to the inside. The structure and 

components loading of the anode and cathode are exactly the same. Both MPL and CL were 

loaded onto carbon paper by ink spraying. The preparation of MPL ink was carried out by 

mixing and dispersing Ketjen black (EC-300J, AkzoNobel) and polytetrafluoroethylene (PTFE, 

Sigma Aldrich) into iso-propanol (IPA) at a mass ratio of 9:1. The CL ink was prepared by 

dispersing Pt/Carbon catalyst (Fisher Scientific, 60% Pt loading) and PTFE in DI water and 

IPA, respectively, and finally mixing. The mass ratio of catalyst and PTFE is 80 wt%: 20 wt%. 

The spraying of MPL ink and CL ink is carried out by cross-spraying on carbon paper 

successively, companied by heating on a stove at 120℃ to remove the solvent until a load of 

Ketjen black and Pt reaches 1 mg cm-2. The PBI membrane was doped with PA by soaking at 

room temperature for 3 days. PA doped PBI membrane was dried in an oven at 120℃ for 1 h 

to remove moisture and then weighed to calculate the acid doping level (ADL). The electrodes 

and membranes were cut into sizes of 1.5 × 1.5 cm2 and 4 × 4 cm2, respectively. The MEA was 

finally assembled by hot pressing at 80 psi and 140℃ for 4 min. 150 µm PTFE film was used 

as the gasket. 
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6.5.4 Characterization of PA Distribution and MEA Component Migration 

To measure the thermal properties of prepared (P)GO, thermogravimetric analysis (TGA) was 

performed on TA Instruments TGA 550 by Alumina pan with 25 mL min-1 air supplying as 

carrier gas. The temperature raised from room temperature until 900℃ with a heating rate of 

10 ℃ min-1. The TGA measurement of membranes was carried at the same condition as the 

measurement of (P)GO. Fourier-Transform Infrared Spectroscopy (FT-IR) was performed on 

Tensor 27 with the wavenumber range of 400-4000 cm-1 in transmission mode to study the 

chemical bonding of prepared (P)GO. (P)GO was loaded on a silicon wafer by drop-casting of 

the (P)GO/DI water dispersion for Raman spectroscopy measurement to study the defect or 

functionalization of (P)GO. Raman spectroscopy was performed on Horiba LabRAM 

Evolution equipped with 633 nm laser and the Raman shift ranges from 1000 cm-1 to 3000 cm- 

1. Scanning Electron Microscope (SEM) was carried out on Tescan Mira3 SC with 5.0 kV beam 

energy at secondary electron mode to study the morphology of (P)GO. To explore the types 

and contents of elements or functional groups in (P)GO or membranes, X-ray photoelectron 

spectroscopy (XPS) and energy-dispersive X-ray spectroscopy (EDX) were carried out on 

Thermo NEXSA XPS and Tescan Mira3 SC equipped with EDX (Oxford Instruments). XPS 

was performed with a spherical sector analyser, 128 channel delay line detectors, 3 

multichannel resistive plates, and a mono chromated Al kα X-ray source (1486.7 eV).  

6.5.5 Performance Testing and Electrochemical Characterization of MEAs 

MEAs were assembled in a homemade fuel cell set up with a 1.5 cm × 1.5 cm active area and 

tested at 150 ℃ feed with 100 mL min-1 dry hydrogen and 100 mL min-1 dry oxygen at anode 

and cathode, respectively. Potentiostat (Gamry Interface 5000) was used to take the 

measurement of polarization curves, electrochemical impedance spectroscopy (EIS) and 

accelerated stress test (AST). The activation of MEAs was accomplished by continuously 

discharging at 600 mA for approximately 3 days until the voltage stabilizes. Polarization curves 
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were acquired by discharging from OCV to 0.1 V with 0.1 A steps and 5 s dwell time. Nyquist 

curves were acquired by EIS at 0.5 A at the frequency range of 10,000-0.1 Hz. AST was 

operated through repeated chronopotentiometry by operating the fuel cell alternately at 0.6 A 

cm-2 for 4 min and 1 A cm-2 for 16 min. OCV was held for 10 min every 6 h during AST. 

 

6.6 Results and Discussion 

6.6.1 Characterization of (P)GO 

Electrochemical exfoliation products synthesized by 1-step method, 2-step method and reactor 

method are named as 1-(P)GO, 2-(P)GO and R-(P)GO, respectively. The FT-IR spectroscopy 

characteristic peaks of different electrochemical products are referenced to determine the 

presence of phosphorus-doped functional groups and the types of oxygen-containing functional 

groups through the composition of chemical bonds. As shown in Figure 6. 2a, 1-(P)GO and 

R-(P)GO show almost the same identical characteristic peaks. Both spectra of 1-(P)GO and R-

(P)GO show a characteristic peak of phosphonation between 941 cm-1 and 1126 cm-1. P ̶ OH, 

Cring ̶ P, P=O and P ̶ O stretching peaks overlapped and displayed as a board peak centred at 

1095 cm-1 in the spectrum of 1-(P)GO. P ̶ OH at 941 cm-1, P ̶ O at 1023 cm-1 and overlapped 

board stretching peak of C ̶ P, P=O and Cring ̶ P centered at 1126 cm-1 were detected in the 

spectrum of R-(P)GO [26][27][31]. However, the FT-IR spectrum of 2-(P)GO is relatively 

smooth in the wavenumber interval of the characteristic peak of phosphonation and may not 

contain phosphonated functional groups. 1-(P)GO, 2-(P)GO and R-(P)GO all show certain 

characteristics of graphene oxide according to characteristic peak at 3373 cm-1-3517 cm-1 (O  ̶

H stretching), 1239 cm-1 / 1249 cm-1(C─O stretching vibration of the hydroxyl group), 1720 

cm-1 / 1722 cm-1 (C=O stretching vibration of a ketone, ester, aldehyde or carboxyl group ), 

and 1620 cm-1 / 1625 cm-1 (C=C stretching vibration of sp2 carbon) [21]. 
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Raman micro-spectroscopy is an effective tool for exploring important properties such as the 

crystal structure, defect distribution and the number of layers in graphene-related materials [42]. 

This information is mainly reflected by the position, shape and intensity ratio of the three 

prominent peaks, which are a defect-related D peak (1328~1340 cm-1), a G peak (1572~1599 

cm-1) corresponding to sp2 carbon atoms, and a 2D peak (2648~2694 cm-1), characteristic of 

few-layer graphene [43]. Raman spectrum of 1-(P)GO, 2-(P)GO and R-(P)GO are shown in 

Figure 6. 2b. The intensity ratio of D peak and G peak (ID/IG) indicates the degree of defects 

or disorders caused by functional groups or edge effects [44]. As shown in Figure 6. 2b, the 

calculated ID/IG of 1-(P)GO, 2-(P)GO and R-(P)GO are 1.49, 1.68 and 1.94, respectively. 

Compared with 1-(P)GO, 2-(P)GO does not show obvious phosphonation characteristics in the 

FT-IR spectrum, but the formation of GIC in the first step of electrochemical exfoliation 

promotes the oxidation of GO, which is most likely to cause the defect level of 2-(P)GO higher 

than that of 1-(P)GO [37][45]. As for the defect level of R-(P)GO higher than 1-(P)GO, it can 

be caused by the further phosphonation of R-(P)GO on the basis of graphene oxidation. 

However, the difference in ID/IG does not rule out that it is caused by the difference in the size 

of the graphite domain [46]. 

XPS is adopted to further confirm the exact composition of elements and functional groups on 

the basis of FT-IR. XPS survey spectra, C 1s spectra, O 1s spectra and P 2p spectra of different 

products are shown in Figure 6. 2c, d, e and f, respectively. From the XPS survey spectra in 

Figure 6. 2c, it can be seen that the certain oxygen content of different electrochemical 

exfoliation products reflects that graphene has certain oxygen-containing functional groups. 

Unlike the FT-IR spectrum, no obvious P 2s or P 2p peaks are detected in the XPS survey 

spectrum of 1-(P)GO which may be due to insufficient phosphorus content. Corresponding to 

the FT-IR spectrum, the peaks related to phosphorus are not detected at all in the XPS survey 

spectrum of 2-(P)GO, and the significant P 2s and P 2p peaks in the XPS survey spectrum of 
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R-(P)GO indicate that phosphorous was successfully incorporated to the graphene [31]. As 

shown in Figure 6. 2d and e, the C 1s and O 1s spectra peaks of different electrochemical 

exfoliation products can be deconvoluted into C─C at 384.8 eV, C─O at 285.9 eV or 532.8 eV, 

C=O at 287.1 eV or 531.3 eV, and C(O)OH at 288.0 eV or 534.3 eV. The presence of C─O, 

C=O and C(O)OH in C 1s and O 1s spectra indicates that 1-(P)GO, 2-(P)GO, and R-(P)GO 

have certain characteristics of graphene oxide. However, C─P, P─O and P=O may overlap 

with C-O and C=O, and the phosphonation characteristics need to be further confirmed by the 

P 2p spectra peaks. The P 2p spectrum peaks signal of 1-(P)GO and 2-(P)GO shown in Figure 

6. 2f is noisy which indicates the insufficient P content. However, the spectrum of R-(P)GO 

presents a significant P 2p peak and can be deconvoluted into C-O-P 2p1/2 at 134.9 eV, C-O-

P 2p3/2 at 134.1 eV, C-P 2p1/2 at 133.9 eV and  C-P 2p3/2 at 133.0 eV. The content of C-P 

and C-O-P accounted for 83.9% and 16.1%, respectively. Compared with C-O-P, C-P has 

higher hydrolytic stability and is more stable under acidic conditions by virtue of its higher 

bond energy [31][47][48]. 
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Figure 6. 2. Elements and chemical bonding characterization of 1-(P)GO, 2-(P)GO and R-(P)GO: (a) FT-IR spectra, (b) 

Raman spectra, (c) XPS survey spectra, (d) XPS C 1s spectra, (e) XPS O 1s spectra and (f)  XPS P 2p spectra. 

 

To explore the thermal stability of different electrochemical exfoliation products and to further 

infer the component content through the weight loss at different temperatures, TGA was carried 

out with a heating rate of 10℃/min under air. As the TGA thermograms are shown in Figure 

6. 3, the thermal deterioration of as-prepared graphene oxide can be roughly divided into three 

steps.  The first thermal deterioration occurs at around 100 ℃ associated with the removal of 
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moisture [21][41]. At this stage, the three products showed significant differences in thermal 

deterioration, with 2-(P)GO having the smallest weight loss and R-(P)GO having the largest 

weight loss. This phenomenon is due to the strong hydrophilicity of the phosphoric acid group, 

which causes the higher bound water content in R-(P)GO. The second stage of thermal 

deterioration occurs between 150°C and 330°C and is assigned to the removal of oxygen-

containing functional groups [41]. At this stage, the weight loss of 2-(P)GO is the most, or 

because of its higher content of oxygen-containing functional groups dominated by hydroxyl, 

carbonyl, or carboxyl groups. The thermal deterioration in the last stage is the oxidation and 

degradation of the graphene material. At this stage, the weight of each product decreases slowly 

with the increase of temperature and remains relatively stable, and then decreases sharply. 

Compared with 2-(P)GO, 1-(P)GO and R-(P)GO have a higher stable temperature. Although 

1-(P)GO and R-(P)GO have a smaller weight loss compared to 2-(P)GO at the second and the 

beginning of third stages, the weight loss cannot fully indicate the content of functional groups 

due to differences in the types and content of functional groups in different products. 

Phosphoric acid groups are dehydrated at high temperatures to form water vapour, and the 

derivatives such as phosphate esters, phosphate diesters. Besides, phosphoric anhydrides 

formed after dehydration will act as physical insulation to prevent heat transfer. Those reactions 

make the weight of phosphonated graphene oxide relatively stable [27]. 

 

Figure 6. 3. TGA thermograms of 1-(P)GO, 2-(P)GO and R-(P)GO 
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The element content, oxidation level or phosphonation level of the as-prepared (phosphonated) 

graphene oxide was finally evaluated by SEM-EDX. The EDX spectra of 1-(P)GO, 2-(P)GO 

and R-(P)GO are shown in Figure 6. 4a, b and c, respectively. 1-(P)GO shows the lowest 

oxygen content indicating its lowest oxidation. In addition, 1-(P)GO exhibits extremely low P 

doping being 0.3 At% but exhibits highest nitrogen doping being 2.2 At%. The O/C ratio of 2-

(P)GO can reach 0.42 indicating its highest oxidation. However, the P doping of 2-(P)GO is 

minimal. The O/C ratio of R-(P)GO can also reach 0.41. However, in consideration of R-(P)GO 

with the highest P doping of 2.4 At%, the partial oxygen content is contributed by the phosphate 

group. In summary, 1-(P)GO has the lowest degree of functionalization while 2-(P)GO has the 

highest degree of oxidation and only R-(P)GO succeeds to realize phosphonation with certain 

P doping. Therefore, the electrochemical exfoliation based on the reactor and the natural 

graphite flakes is more effective than the graphite foil-based one-step method and two-step 

method of electrochemical exfoliation to synthesize phosphonated graphene oxide. To further 

explore the distribution of elements in phosphonated graphene oxide, EDX mapping was 

performed. Stacked R-(P)GO SEM diagram of the area for EDX mapping, full element EDX 

mapping, C EDX element mapping, O EDX element mapping, P EDX element mapping, and 

N EDX element mapping of R-(P)GO are shown in Figure 6. 4d, e, f, g, h and i, respectively. 

All element mappings including P exhibit their respective homogeneous distributions. SEM 

diagram of R-(P)GO flakes and size statistics chart of it are shown in Figure 6. 4j and k, 

respectively. According to the SEM diagram of R-(P)GO flakes, it exhibits typical two-

dimensional material lamellar characteristics. The layer size of R-(P)GO is mainly 4-6 µm, and 

a small amount exceeds 10 µm. 
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Figure 6. 4. EDX spectra of (a) 1-(P)GO, (b) 2-(P)GO and (c) R-(P)GO; (d) stacked R-(P)GO SEM diagram of the area for 

EDX mapping; EDX element mapping of R-(P)GO of (e) full element, (f) C, (g) O, (h) P and (i) N; (j) SEM diagram of R-

(P)GO, and (k) flakes size distribution of R-(P)GO 

6.6.2 Mechanism 

According to the characterization of elements and components by FT-IR, XPS and EDX, as 

well as the mechanism of electrochemical exfoliation and phosphonation, the possible reactions 

in the electrochemical exfoliation process based on the reactor are proposed in Figure 6. 5. 

Firstly, under the action of the bias voltage, nucleophilic water molecules attack the graphene 
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layer so that it is oxidized to form a hydroxyl group, followed by the dehydration of the 

hydroxyl group to form an epoxy group [37][21]. The restraint effect of the reactor on the 

exfoliated graphene is conducive to continuous oxidation, which has been explained in detail 

in our previous work [21]. Secondly, the oxidized graphene sheet stays in the reactor to contact 

the current, and its epoxy group react with the phosphoric acid group from  NH4H2PO4 solution 

under the action of the bias voltage to generate P-C and P-O-C linkages to achieve 

phosphonation, which can be confirmed by XPS and FT-IR spectroscopy [26][27][31]. 

Although the one-step electrochemical exfoliation method based on graphite foil is carried out 

under the same voltage and electrolyte, it lacks the constraints of the reactor. The exfoliated 

graphene sheet quickly detaches and stops further reactions, which makes the number of 

functional groups insufficient. 

 

Figure 6. 5. Mechanism of reactor-based electrochemical exfoliation 

6.6.3 Characterization of Membranes 

Through the characterization of different electrochemical exfoliation products, 2-(P)GO and 

R-(P)GO have relatively abundant oxygen-containing functional groups or higher 

phosphonation levels, respectively. The doping of both in PBI is expected to improve the PBI 
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proton conductivity. Thus, pure PBI membrane, PBI/1.5wt%2-(P)GO composite membrane 

and PBI/1.5wt%R-(P)GO composite membranes were prepared to compare the properties and 

performance. The TGA thermograms of different membranes are shown in Figure 6. 6a. From 

TGA curves, the doping of 2-(P)GO and R-(P)GO did not significantly change the thermal 

properties of the PBI membrane. Although the thermogram of PBI/R-(P)GO composite 

membrane is slightly above PBI membrane and PBI/2-(P)GO composite membrane, this 

difference is mainly reflected before the temperature rises to 200°C. This could be caused by 

residual DMAc or water contained in different membranes. The thermograms of all membranes 

in the PBI decomposition stage from 200 ℃ to 700 ℃ remained basically the same and 

remained basically stable before 600 ℃. To explore the mechanical properties of different 

membranes and the reinforcing effect of (P)GO on PBI membranes, the tensile test was carried 

out. As stress-strain curves shown in Figure 6. 6b, the Young's modulus of all membranes is 

basically the same at 26.3 MPa. The maximum stress and strain of pure PBI membrane are 19.2 

MPa and 24.5%, respectively. Although the maximum stress of PBI/2-(P)GO composite 

membrane of 18.7 MPa is slightly smaller than that of pure PBI membrane, the maximum strain 

of PBI/2-(P)GO composite membrane of 34.8% is much greater than that of PBI. PBI/R-(P)GO 

composite membrane has the greatest tensile strength and elongation at break. The maximum 

stress and strain of PBI/R-(P)GO composite membrane are 22.4 MPa and 41.1%, respectively. 

 

Figure 6. 6. Physical properties of membranes. (a) TGA thermograms, (b) stress–strain curves 
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To study the coupling effect of R-(P)GO and PBI membrane, the distribution of elements in 

the polymer was observed by EDX mapping. The SEM diagram of the cross-section of PBI/R-

(P)GO composite membrane is shown in Figure 6. 7a, and the EDX element maps are shown 

in  Figure 6. 7b-f. Each element shows a uniform distribution, of which C and N are mainly 

derived from the backbone of the polymer, while the homogeneous distribution of P and O 

reflects the uniform doping of PGO in the polymer.  

 

Figure 6. 7. SEM and EDX mapping of PBI/R-(P)GO cross-section: (a) SEM diagram; EDX element mapping of R-(P)GO of 

(b) full elements, (c) C, (d) O, (e) N and (f) P 

 

6.6.4 Performance and Durability Study of Membranes 

As mentioned above, 2-(P)GO and R-(P)GO can be recognized as graphene oxide with higher 

oxygen content and phosphonated graphene oxide, respectively. In order to explore the 

influence of the doping of graphene oxide and phosphonated graphene oxide in the PBI 

membrane on the performance and durability of HT-PEMFC, the polarization curves, EIS and 

AST of MEAs based on the pure membrane, PBI/2-(P)GO composite membrane and PBI/R-

(P)GO composite membrane was tested. The polarization curves and power density curves of 

different MEAs after activation are shown in Figure 6. 8a. The polarization curves of different 
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MEAs did not show significant differences in the voltage loss dominated by activation 

polarization losses at low current densities. However, different polarization curves start to show 

significant differences under the medium current density mainly dominated by ohmic loss. The 

difference in ohmic loss largely depends on the proton conductivity of the membrane. It can be 

seen from Figure 6. 8a that in the current density phase dominated by ohmic loss, the voltage 

loss of MEA based on pure PBI membrane is the most rapid with the increase of current density, 

while the voltage loss of PBI/R-(P)GO is the slowest. The difference in polarization curves is 

further reflected in the power density curves. The peak power density of MEA based on pure 

PBI, PBI/2-(P)GO and PBI/R-(P)GO is 362 mW cm-2, 425 mW cm-2 and 490 mW cm-2, 

respectively. The difference in the performance of MEA based on different membranes can be 

visualized by the Nyquist curves obtained by EIS. As shown in Figure 6. 8b, the ohmic 

resistance (RΩ), which is mainly dominated by membrane resistance, of PBI, PBI/2-(P)GO and 

PBI/R-(P)GO is 258 mΩ cm2, 216 mΩ cm2 and 150 mΩ cm2, respectively. The abundant 

functional groups on graphene oxide can help promote the hoping of hydrogen protons and 

build additional proton transport channels to improve the proton conductivity of the membrane 

[21]. The phosphonic acid groups have the ability to form stronger hydrogen bonds although 

its low acidity combined with its amphipathic characteristics can also increase the proton 

conductivity of the membrane [26].  

The AST performance of MEAs based on different membranes is shown in Figure 6. 8c. As 

the data shown in Figure 6. 8c, the voltage of MEAs based on PBI/2-(P)GO and PBI/R-(P)GO 

composite membranes remained stable throughout the AST process under different currents 

densities. However, MEA based on pure PBI membrane showed a continuously slow drop in 

voltage. Its voltage at current densities of 0.6 A cm-2 and 1A cm-2 dropped by 23 mV and 27 

mV, respectively. The polarization curves of different MEAs after AST are shown in Figure 

6. 8d. The peak power density of MEAs based on PBI/2-(P)GO and PBI/R-(P)GO composite 
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membranes before and after AST remain basically unchanged, while the peak power density 

of MEA is based on PBI pure membrane dropped by 9 mW cm-2. The impedance changes of 

MEA before and after AST can be utilized to explore the reasons that affect its durability. The 

Nyquist curves of MEAs after AST are shown in Figure 6. 8e. The ohmic resistance of PBI, 

PBI/2-(P)GO and PBI/R-(P)GO after AST are 236 mΩ cm2, 202 mΩ cm2 and 150 mΩ cm2. 

Compared to before AST, the ohmic resistance of PBI and PBI/2-(P)GO dropped slightly, 

while the ohmic resistance of PBI/R-(P)GO remained unchanged after AST. This phenomenon 

could be caused by the relatively weak mechanical pressure resistance of PBI and PBI/2-(P)GO 

and the relatively weak retention of phosphoric acid, which causes the membrane to become 

thinner under long-term operation and extrusion [49]. The doping of PGO can improve the 

mechanical properties of PBI and increase the interaction between the polymer and PA so that 

the ohmic resistance of the composite membrane before and after AST can be maintained [26]. 

Although MEA based on pure PBI membrane has a slight decrease in ohmic resistance before 

and after AST, its charge transfer resistance (Rchange) has increased significantly. Under the 

conditions of AST, the PA in the PBI membrane will be leached out continuously. Excessive 

PA leaching will cover the active sites of the catalyst, which will reduce the three-phase 

boundary in the catalyst and increase the charge transfer resistance [50]. This is most likely the 

cause of the gradual decline in the performance of MEA based on pure PBI membrane during 

AST. Both GO and PGO has the ability to prevent excessive leaching of PA [21][26] so that 

their performance remains stable during the AST process. 
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Figure 6. 8. Performance and durability of MEAs (a) polarization curves of MEAs before AST; (b) Nyquist curves of MEAs 

before AST; (c) AST process of MEAs; (d) polarization curves of MEAs after AST; (e) Nyquist curves of MEAs after AST. 

 

6.7 Conclusions 

With ammonium dihydrogen phosphate as the electrolyte, there are differences in the products 

of the one-step (1-(P)GO) and two-step (2-(P)GO) electrochemical exfoliation methods based 

on graphite foil and the reactor (R-(P)GO) electrochemical exfoliation method based on natural 
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graphite flakes. Through the characterization of FT-IR, Raman, XPS and EDX, the as-prepared 

1-(P)GO, 2-(P)GO and R-(P)GO tend to be classified as graphene, GO and PGO, respectively. 

The 3D printed reactor realizes the preparation of PGO with a phosphorus content of 2.2 At% 

through one-step electrochemical exfoliation based on natural graphite flakes. The doping of 

R-(P)GO in the PBI membrane has good compatibility and very uniform distribution. 

Compared with 2-(P)GO, R-(P)GO can better improve the mechanical properties of PBI. In 

addition, the doping of 1.5wt% R-(P)GO in the PBI film can improve the performance of the 

PBI membrane better than 2-(P)GO. The peak power density and ohmic resistance of MEA 

based on PBI, PBI/2-(P)GO and PBI/R-(P)GO are 362 mW cm-2, 425 mW cm-2, 490 mW cm-

2 and 258 mΩ cm2, 216 mΩ cm2, 150 mΩ cm2, respectively. In addition, it can be shown by 

AST that PBI/2-(P)GO and PBI/R-(P)GO have better durability than pure PBI due to the 

retention of phosphoric acid in the membrane by GO or PGO. 
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7. Conclusions & Future Work 

Based on the objectives proposed at the beginning of the thesis and the results obtained in 

Chapters 3-7, here is a summary of the results and conclusions made in the thesis. 

1. The Application of Lab-based X-ray Micro-computed Tomography (CT) 

Coupled with Machine-learning Segmentation to Investigate Phosphoric Acid 

Leaching in High-temperature Polymer Electrolyte Fuel Cells (HT-PEMFC). 

The third chapter describes the use of Lab-based X-ray CT combined with mechanical learning 

segmentation without the aid of synchrotron to explore the distribution and migration of each 

component of the membrane-electrode-assembly (MEA) of the HT-PEMFC and the change of 

porosity. Restricted by the detection speed and resolution, the Lab-based X-ray CT used in this 

work to detect MEA stays in the ex-suite stage. Laser milling and mechanical milling were 

compared to explore methods for obtaining reliable samples. Through multi-sample 

measurement of the dry membrane, phosphoric acid (PA) doped membrane, electrode and PA 

doped electrode can provide a base for MEA measurement. The mechanical learning applied 

can greatly assist segmentation to obtain high-quality, high-fidelity segmented volumes. This 

type of technical means can effectively detect the thickness distribution of the membrane, the 

catalyst distribution and content, the pore distribution and volume, and the ratio of the solid-

liquid mixed phase. Restricted by laser energy and resolution and affected by the complex 

components in HT-PEMFC, it is difficult for Lab-based X-ray CT to accurately distinguish PA, 

microporous layer (MPL), gas diffusion layer (GDL) and binder inside MEA. Thus, chapter 3 

focuses on exploring the influence of electrochemical factors on component migration and the 

correlation with component distribution by comparing the component changes before and after 

the constant current life test or accelerated stress testing (AST). Although Lab-based X-ray CT 

has limited differentiation of MEA components, this convenient method can still provide a lot 
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of information. As shown by continuous pore size distributions (cPSD) and tortuosity factor 

analysis, smaller pores are preferentially filled, and as the operation time increases, the 

difference in the connectivity of the pore network and the tortuosity factor between the two 

electrodes is greater. In addition, the degree of PA leaching can be inferred through the change 

of the contrast ratio and correlated with mass transfer. The establishment of this method enables 

low-cost and rapid exploration of the migration of phosphoric acid and catalyst layers without 

using synchrotron. Although the applied lab-based X-ray CT is difficult to accurately 

distinguish each component in HT-PEMFC, it can be utilized for rough diagnosis of the cause 

of performance degradation in the HT-PEMFC lifetime test. Furthermore, the application of 

this method can provide an effective tool for lab-based exploration of the effects of new 

materials on PA leaching and catalytst migration in HT-PEMFC. 

2. Explore the Effect of Single-Layer Graphene (SLG) Load at Different Positions 

of HT-PEMFC on Its Performance, Durability, and PA Leaching. 

Based on the method established in Chapter 3 and the effect of phosphoric acid leaching on the 

performance and durability of HT-PEMFC summarized in the life test of HT-PEMFC, Chapter 

4 proposes the application of SLG in HT-PEMFC to improve its performance and durability 

and proposed the mechanism. Because the polybenzimidazole (PBI) membrane in HT-PEMFC 

is doped with PA, the technical feasibility of SLG loading on the PBI membrane is limited. 

SLG is loaded on the catalyst surface of the anode, the cathode or both. Because the wet 

chemical transfer method used will cause the SLG to lose coverage on the electrode due to 

damage when transferring the SLG prepared by chemical vapour deposition (CVD) method 

from the copper foil substrate to the electrode surface, the coverage of the SLG on the electrode 

surface is about 55%. It can be known by comparing the performance of MEA loaded with 

SLG at different positions before and after AST, the introduction of SLG may cause a delay in 
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the activation of HT-PEMFC in the initial stage and thus poor performance. However, with the 

progress of AST, MEA loaded with SLG gradually showed better performance than MEA 

based on pure PBI membrane. In other words, SLG can effectively improve the durability of 

HT-PEMFC. Through the characterization of electrochemical impedance spectroscopy (EIS), 

cyclic voltammetry (CV), X-ray CT and Raman spectroscopy mapping, the mechanism of SLG 

acting on HT-PEMFC can be proposed. When the catalyst activity and the proton conductivity 

of the membrane are constant, the performance of HT-PEMFC is largely determined by the 

area of the three-phase boundary composed of catalyst, electrolyte (PA), and fuel or oxidant. 

Due to the limited coverage of the SLG on the electrode, the PA quickly leaches in the 

uncovered areas and slowly leaches in the covered areas. This mechanism suppresses the 

overall excessive leaching of PA and improves durability. At the same time, the serrated PA 

leaching increases the three-phase boundary area and thus improves the performance of HT-

PEMFC. In addition, SLG can effectively prevent the gradual increase of hydrogen crossover 

in the ultra-thin PBI film during the life test, so as to ensure that the ultra-thin PBI membrane 

has higher proton conductivity while preventing excessive hydrogen crossover. This work is 

the first to apply SLG to HT-PEMFC and propose a new method and mechanism to control the 

migration of PA in HT-PEMFC. It was demonstrated that SLG could prevent the migration of 

PA while maintaining high proton conductivity. This provides a new idea for controlling and 

maintaining the three-phase boundary area of HT-PEMFC in life tesing. This method of 

directly using physical barrier to influence PA leaching in HT-PEMFC provides a more reliable 

basis for the mechanistic explanation of the effect of PA leaching on the performance and 

durability of HT-PEMFC. 

3. Through the Design of Reactor Realized the Use of Natural Graphite Flakes as 

the raw materials for electrochemical exfoliation to quickly prepare graphene 

oxide (GO) with high-yield and high quality. 
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The reactor based on 3D printing was designed and applied to electrochemical exfoliation to 

synthesize GO using natural graphite flakes as raw materials. The inverted funnel-shaped lid 

and the base are connected by a tenon structure to ensure that the natural graphite flakes can 

stay in the reactor. The porous structure on the lid ensures the ingress of ions and the exudation 

of gas. The plug with a copper foil extension is connected by a spring to ensure good contact 

between the graphite material and the external circuit. 

Chapter 5 compares the difference between the products when graphite foil is used as the raw 

material without the assistance of the reactor and natural graphite flakes with the assistance of 

the reactor are used as the raw material. Under the same conditions (10V and 1 M Ammonium 

sulphate solution as electrolyte), the electrochemical exfoliation products of natural graphite 

flakes combined with reactor have better hydrophilicity, smaller size, and higher oxygen 

content. Through the X-ray diffraction (XRD) patterns of different reaction stages, it can be 

known that the reactor enables the natural graphite flakes to contact the current for a longer 

period, thereby being attacked by the nucleophile for a longer period of time and obtaining a 

higher oxidation level. The O/C ratio of electrochemical exfoliated GO (EGO) synthesized by 

natural graphite flakes with the assistance of the reactor can reach 0.247. The O/C ratio can be 

further improved by increasing the electrolyte concentration and reaction time. This design 

achieves one-step exfoliation using natural graphite flakes to obtain GO with tunable oxygen 

content without using strong oxidants or strong acids. Electrochemical exfoliation of natural 

graphite flakes directly as a raw material reduces raw material costs and shortens the 

manufacturing process. The production of graphene by means of electrochemical exfoliation 

realizes the production of materials for green energy generation equipment by using green 

energy. This makes the application of GO in HT-PEMFCs cheaper, more efficient and 

environmentally friendly. 
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4. Synthesis of phosphonated (P)GO by electrochemical exfoliation through using 

appropriate electrolyte and reactor. 

Based on the method established in Chapter 5, Chapter 6 compared three methods based on 

ammonium dihydrogen phosphate as the electrolyte for electrochemical exfoliation, which are 

one step method based on graphite foil (1-step method), two-step method based on graphite 

foil (concentrated sulfuric acid is supplied as the electrolyte in the first step to synthesize 

graphite intercalation compounds (GIC), 2-step method) and one step method based on natural 

graphite flakes and reactor (reactor method). Through elemental and structural characterization, 

the products of the 1-step method, 2-step method and reactor method tend to be defined as 

pristine graphene with a small amount of oxygen-containing functional groups, GO rich in 

oxygen-containing functional groups and phosphonated GO with reasonable P content. Similar 

to the mechanism mentioned in Chapter 4, the realization of the synthesis of PGO by one-step 

electrochemical exfoliation may benefit from the restriction of the raw materials by the reactor 

so that it can have longer contact with current and the nucleophile that can be used for 

functionalization. This work is the first to realize the one-step preparation of PGO using 

electrochemical exfoliation without using any strong acid or strong oxidant, which is more 

cost-effective, efficient and safe.  Further phosphonation of GO can enhance the performance 

and durability, of the HT-PEMFC.  

5. Apply electrochemical exfoliated (phosphonated, P) GO in HT-PEMFC to 

explore its effect on the performance and durability of HT-PEMFC. 

The EGO and PGO prepared by the methods mentioned based on natural graphite flakes and 

reactor were both doped in PBI membrane to explore its influence on the performance and 

durability of HT-PEMFC. Chapter 5 and Chapter 6 respectively report the application of as-

prepared EGO and PGO in HT-PEMFC. Both EGO and PGO can effectively improve the 
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mechanical properties of PBI membranes and the performance and durability of HT-PEMFC. 

The 0.5%, 1% and 2% EGO loadings in the PBI membrane increased the peak power density 

by 13.8%, 24.4% and 29.2%, respectively. Due to the phosphonic acid group stands out in the 

relatively strong water retention capacity, strong hydrogen bonding and amphoteric 

characteristics of PGO, the doping of PGO in the PBI membrane performs better than GO with 

higher oxygen-containing functional group content prepared by the 2-step method. This 

demonstrates that electrochemically exfoliated GO and PGO can also be applied to the doping 

of PBI films to improve their performance and durability. Both EGO and PGO used for doping 

in the proton exchange membrane of HT-PEMFC were prepared in a clean electrochemical 

exfoliation method. In addition to improving the efficacy of HT-PEMFC as a clean energy 

source, this work also takes into account the greening of the production process of HT-PEMFC 

materials. 

Future work 

The methods used to detect the distribution and migration of PA in this thesis remain at the ex-

situ level. Although the application of X-ray CT makes the distribution of PA at the 3D level, 

its resolution and discrimination still need to be improved, and tracking based on chemical 

elements is still lacking. The distribution and migration of PA may be affected by real-time 

electrochemical factors. Exploring fast and reliable in-situ methods to study the migration of 

phosphoric acid will be the next objective.  

In the design of Chapter 6, PGO was obtained by replacing the electrolyte in Chapter 5. How 

to improve the functionalization level of electrochemically prepared PGO and replace different 

electrolytes to obtain different functionalized GO remains to be further explored. At the 

experiment level, the designed reactor shows the advantages of fast, efficient and green 

preparation of graphene oxide, and the use of small size graphite as raw material. 
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Industrialization based on this method and whether graphite from waster can be used as raw 

materials remains to be further explored to better serve sustainable energy. 

Although SLG can effectively prevent excessive leaching of phosphoric acid, its coverage on 

the electrode is still uncontrollable. Exploring better methods for SLG transfer between 

different substrates needs to be developed such as roll to roll for commercialization. 

 

 

 

 

 

 


