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� A designed carbon gas diffusion

layer is manufactured using 3D

printing.

� Controlled pyrolysis is used to

preserve microstructure.

� Challenges for 3D printed mate-

rials integrated into fuel cells are

highlighted.

� Simulations show an 8% higher

oxygen concentration at the cata-

lyst layer.
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3D printing and carbonisation is used to produce designed gas diffusion layer materials for

polymer electrolyte membrane fuel cells (PEMFC). Using a desktop UV 3D printer, designed

porous microstructures are printed with micro and macro-scale features. Successful

improvement of the pyrolysis process maintains the structural accuracy during carbon-

isation, reducing the material to electrically conductive carbon. The size of the material

allows for testing in a lab scale fuel cell with 1.5 � 1.5 cm electrode size, which shows lower

but interesting electrochemical performance (power density of 205 mW cm�2). Challenges

associated with integration of a 3D printed structure into a membrane electrode assembly

are highlighted, including the low open circuit voltage caused by large amounts of mem-

brane deformation and subsequent hydrogen crossover. This study shows that it is

possible to design and manufacture a gas diffusion layer for fuel cells. Numerical simu-

lation on the new GDL structure shows that advective-diffusive transport of oxygen in the

3D printed design is superior to conventional carbon paper. This study serves as the first

attempt to implement 3D printed microstructures as GDL into PEMFC.
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Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are useful

devices for converting energy stored as hydrogen to electrical

energywith no harmful emissions. This is especially important

for hard to de-carbonise transportation solutions [1]. To in-

crease the uptake of fuel cells in commercial applications,

research into improving the efficiency and durability of PEMFC

are ongoing. PEMFC, hydrogen and oxygen are combined elec-

trochemically in a porous system separated by a polymer

membrane [2] where water is produced at the cathode catalyst

layer. The water produced competes for the same space as the

supplying reactant air, blocking the space for oxygen transport.

At the same time, electrons travel through the solid carbon

structure to complete the reaction. The system of processes is

depicted in Fig. 1 (a). The transport of oxygen and water in this

system is not straight-forward; water can accumulate in the

porous network due to the strength of the capillary forces and

droplet removal in the air supply channels is periodic [3]. Effi-

cient removal of water, as well as optimal oxygen transport to

the catalyst layer is essential to reduce resistances [4].

It has been shown that different gas diffusion layers can

effect the performance and limiting current density of the cell

[5]. Therefore, changes to the porous structure, designed to

address optimal water and oxygen transport should also

reduce mass transport losses. Water and oxygen distribution

in the cell is also determined by the flow field design, which

can cause additional convection especially in the under rib

regions [6] and by the presence of water in the channels [3].
Fig. 1 e Schematics of processes occurring in an operating fuel

carbon paper material and (b) 3D printed carbon material. Oxyg

pore space. Oxygen is supplied and water is removed by the air

the carbon structure (yellow). (c) shows the oxygen concentration

system. (d) shows the replacement of the cathode GDL with 3D p

references to color in this figure legend, the reader is referred t
Fractures can be present in the microporous layer applied to

GDL materials. Although, while these can be beneficial to

water management [3], it has been shown that reducing the

number of cracks can be beneficial improving interface con-

tact area [7]. By using a GDL with an ordered design, effective

transport properties of permeability, diffusivity and water

management could be improved, with the focus on cubic lat-

tices with anisotropy in the in-plane direction [8,9].

Other methods to change the GDL porous structure have

been attempted using both exploratory simulations and ex-

periments with new materials [10]. A woven fabric based GDL

design has shown improvements to performance, where

larger pores are clear for oxygen transport and water to be

removed wicks around the hydrophilic fibres [11]. Modifica-

tions to GDL wettability have led to greater performance at

high current density, due to tailoring water into hydrophilic

pathways [12]. Additionally, a 3D printing method has been

used to prepare a titanium based structure without micro-

structure control, which resulted in a lower performance than

the carbon paper design [13]. In a simulation study consid-

ering simultaneous oxygen transport through the GDL and

water two-phase flow, it was shown that a non-uniform

porosity gradient can increase the current density due to a

reduction in the water accumulation [14].

Electrospun materials offer an alternative to traditional

carbon paper GDL [15], are also very suitable for low tem-

perature fuel cell systems. These materials offer a smaller

pore and fibre diameter (<2 mm) [16] compared to traditional

carbon paper (9 mm) [8] and have been used as flexible Li-ion
cell gas diffusion layer and channel for: (a) conventional

en diffuses (red) and water percolates (purple) through the

flow in the channel (green) and electrons are transported in

gradient and velocity vectors for flow and transport in this

rinted material used in this study. (For interpretation of the

o the Web version of this article.)
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battery electrodes [17], Anion exchange membrane fuel cell

catalysts [18] and redox flow battery electrodes [16]. After

manufacturing, these materials must also be carbonised

between 800 and 1000 �C using nitrogen.

The carbon paper based GDL used in PEMFC can degrade in

performance over time. The material structure can become

weakened through carbon corrosion, with binder and PTFE

being removed [19]. To address both themass transport issues

and potential durability challenges, a 3D printed design does

not use binder and can handle higher compression stress [20]

leading to a higher durability. Modifications to GDLwettability

may also impact its connection with the channel; hydrophilic

modifications to the GDL impact the available mass transfer

area from the channels if a film is developed on the GDL-

channel interface [3].

There is a balance between the optimal hydrophobic coating

amount anddistribution required by theGDL for effectivewater

removal. An excessive amount can hinder oxygen mass

transport [21] and cause higher electron transfer resistance [22].

A GDL with a patterned wettability can have variable perfor-

mance when the pattern is aligned differently with the hy-

drophilic flow field rib and channels. This indicates that water

accumulation under the rib and channel are both important to

consider when altering the wettability of GDL [23]. Further-

more, X-ray imaging has been used to study the coating effect

(from 0 to 60% coating) on the distribution of contact angles

inside the GDL. There was a marked increase in advancing and

receding contact angle between 0 and 10%, with the intrinsic

GDL contact angle being more hydrophilic than the measured

external surface droplet measurement [24].

Optimisation of both the properties of the flow field and the

channel are required to reach the highest oxygen concentra-

tion across the cell [25]. Using a 3D printed titanium flow field

and GDL, water can be moved through the hydrophilic back-

bone, andmake use of the spacewithin the solid rib regions to

remove water, which can lead to an improved performance at

high current density [26]. Using designed structures, the

thickness of the GDL can be tuned, which will have an impact

on the water management and mass transport capability of

the material [27].

Additive manufacturing methods (3D printing) offer an

alternative to material manufacture, producing pores-scale

structures that are specifically designed for the processes

that they handle [8]. The simplification of the gas diffusion

layer into a structured system is shown in Fig. 1 (b), which

highlights the improvement to oxygen, water and electron

transport that could be possible. Fig. 1 (c) shows the interac-

tion between the flow in the channels and flow in the gas

diffusion layer where the oxygen transport (colour gradient)

occurs in the space surrounding the removal of water. Per-

forming coupled simulations of these competing phenomena

provides a means of exploring the potential improvements

that could be obtained through a structured GDL design [9].

3D printed materials have been used in other applications

to great success. In microbial fuel cells, a 3D printed carbon

electrode achieved a higher power density than carbon paper

due to the former's increased surface area,mass transport and

high bio-compatibility [28]. In the same application, UV cured

polymer microstructures have been coated with copper

achieving 8 times higher power density than copper mesh
electrodes [29], highlighting the importance of reactant mass

transport through microstructure design. In redox flow bat-

teries (RFB), the carbon paper electrodes are also not ideal due

to low surface area and variability in pore size [30]. It was

shown that microstructures with a gradient in porosity would

reduce the mass transport resistances [30]. 3D carbon elec-

trodes used in Li-ion batteries offer higher performance for

energy storage (Li-ion) with lower tortuosity (effective reac-

tant diffusivity) and have good mechanical strength [31]. In

general, microstructure lattices can provide the means to

optimising pathways and surface area for gas absorption and

water movement [32].

Compression of the GDL can damage the porous micro-

structure [33], which could cause problems with oxygen and

water distribution [34], as well as potential membrane damage,

leading to hydrogen crossover [35]. A designed lattice structure

can be designed to resist the compressionspecifically iso-truss

or oct-truss designs as shown in Ref. [36] offer the highest

Young's modulus and compression strength, reaching close to

the theoretical limit of carbon materials [20,37].

Advanced ceramicmaterials present in solid oxide fuel cells

have limitations in their structure and geometry using tradi-

tional manufacturing methods. 3D printing can significantly

reduce the production costs by preventing loss of expensive

materials and simplifying the number of equipment used in

solid oxide fuel cell manufacture [38,39]. In a study using 3D

printed ceramic corrugated membranes, the performance of

fuel cell and electrolysis modes was increased by 57%.

Furthermore, 3D printing as a manufacturing method is

promising as the 3D printing precursor in the same machine

can be altered to produce carbon [28] or ceramic materials [39].

To create carbon microstructures from polymer mate-

rials, many research studies use a pyrolysis procedure under

an inert atmosphere [28,40,41]. During polymer heating

above its degradation temperature, bonds in the carbon

chain break and volatile components such as methane are

released. In an inert atmosphere such as nitrogen, the carbon

is left in an network of graphene fragments [42]. At higher

temperatures (> 800 �C), the defects in these networks are

removed, which increases crystal and stack size, in turn

increasing electrical conductivity. If oxygen is present, ma-

terial combustion could occur and CO2 or CO will be pro-

duced in a charring process. Small volatile molecules are

released as bubbles, which could create deformation in the

carbon structure. Studies which aim to preserve the micro-

structural features heat the 3D printed samples slowly in

nitrogen to around 900 �C [28,40,41].

Materials obtained from biological sources have also been

carbonised using a similar pyrolysis processes [43]. This has

been shown to produce activated carbon type materials from

lignocellulosic materials (e.g. bamboo) which have a high

specific surface area suitable for supercapacitor electrodes

[43e46]. However, the pore scale characteristics (e.g. pore

throat size) cannot be controlled compared to 3D printed

methods. Although, Bio-based materials such as bamboo has

a unique structured porous system that exibits anisotropy in

effective properties [46,47]. The magnitude of electrical

conductivity produced by these materials increases with

pyrolysis temperature but is relatively low (5 S m�1) [47]

compared to commercial carbon paper. The shrinkage during

https://doi.org/10.1016/j.ijhydene.2022.05.134
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pyrolysis in polymer materials (due to material loss) can

also be maintained under controlled operation, where pore

scale dimensions decrease with increasing pyrolysis tem-

perature [48].

In hydrogen storage applications, increasing the carbon-

isation temperature with chemically activated carbon fibres

can decrease the surface area and porosity [49]. For carbon

paper GDL, electrical conductivity can be improved through

additional carbonisation steps using temperatures of up to

1350 �C [10].

However, with several of these biological or synthetic

materials, the control of the exact distribution of pore sizes

and positions cannot be guaranteed. 3D printing methods

offer control of device and porous structure geometry for po-

tential optimisation of manufacturing or efficiency [28,39]. To

be implemented in PEMFC, the issue of scalability and accu-

racy of the 3D printing material needs to be addressed. To

date, the largest 3D printed electrode used in a microbial fuel

cell is of 6.25 cm diameter and 1.15 cm thickness [28]. This

thickness is too large for PEMFC applications and should be

reduced to enable implementation of 3D printed materials.

This study uses 3D printing to design and carbonise a

porous microstructure that has features necessary for it to

perform as a GDL. This material is then integrated into a lab-

oratory scale membrane electrode assembly and tested in a

low temperature fuel cell as shown in Fig. 1 (d). This study

serves as a foundation for 3D printed carbon gas diffusion

layer research. The structural features of the manufactured

material are analysed, demonstrating:

1. The importance of pyrolysis process setting to achieve an

accurate carbon structure

2. The dimensions achievable in the material (pore, fibre and

material size)

3. The electrochemical performance deterioration caused by

ineffective membrane coupling and damage
Methodology

The design and manufacture process for the 3D printed based

GDL is highlighted in Fig. 2. Firstly, a custom code was

developed to generate anisotropic large scale lattice structures

and extract the surface (.stl file shown in Fig. 2 (a)) required for

the 3D printer (Fig. 2 (b)). The 3D printed structure had a lim-

itation of 5 cm side length due to the diameter of the tube in

the muffle furnace as shown in Fig. 2 (d). The material was

carbonised using a pre-determined set of temperature in-

crements in order to maintain structure accuracy, with a

glassy carbon structure being produced as shown in Fig. 2 (e).

5 wt% PTFE was added to the structure in order to coat the

surfaces and increase the hydrophobicity (shown visually as

the white parts in Fig. 2 (f)). A suspension of MPL and CL was

sprayed and dried onto one side of the structure as shown by

the microscope image in Fig. 2 (g). The cell was finally

assembled through hot-pressing to form the MEA with the

material set up shown in Fig. 1 (d).
Materials

Polytetrafluoroethylene (PTFE) dispersion (60 wt%) was pur-

chased from SigmaeAldrich. Ketjen black was purchased from

ECe300J, AkzoNobel. Toray carbon paper (TGPH 090) was pur-

chased from The Fuel Cell Store. PTFE film (0.2 mm thickness)

was purchased from Goodfellow. 60 wt% platinum supported

on high surface area carbon catalyst (Pt/C, Alfa Aesar).

3D printing

The 3D printing resin used in the ELEGOO MARS UV LCD

printer was the clear green water washable uv-curing resin

405 nm (Elegoo). The reservoir shown in Fig. 2 (b) is filled with

the UV curable resin. This contains a clear fluorinated

ethylene propylene (FEP) film on the bottom surface which

separates the LCD screenwith 50 mmpixel resolution from the

resin. The ordered lattice structure is oriented appropriately

onto the plate (with a support raft attached to the plate) and

sliced with a layer height of 20 mm. The 3D printer was oper-

ated with an exposure time of 8 s, with 5 bottom layers at an

exposure time 60 s. The lift and retract speed of the plate was

100 and 150 mm min�1, respectively. The print time for one

piece of material of 5 � 5 cm2 in size was approximately 1 h.

During the development stage, different 3D printed struc-

tures (with varying fibre and pore diameters) were generated

as shown in Fig. 3. From the images, it is clear there is a lim-

itation on the practical size of the lattice features. Fig. 3 (a)

shows that some of the fibres achievable consisted of 2 pixels

(100 mm which in most cases would break off from the struc-

ture). This structural damage is visible in Fig. 3 (f), and shows

that there is a minimum reachable feature size of approxi-

mately 5 � the printer resolution (i.e. 250 mm fibres to ensure

mechanical stability). This is especially important during

printing, where stress is introduced via detachment from the

FEP film and during handling and carbonisation steps.

Nevertheless, using a cheap desktop 3D printer, micron sized

features were able to be incorporated into the structure. The

rough fibre surface area shown in Fig. 3 could provide benefits

for redox flow batteries where the increased surface area

would increase the reaction rate [30].

Carbonisation

The 3D printed material shown in Fig. 2 (c) was carbonised in

nitrogen flow using a Carbolite muffle tube furnace (Fig. 2 (d)).

The first tests used settings from other similar procedures

reported in literature [50] (starting at room temperature and

increasing to 900 �C at 10 �C min�1), but as shown by the re-

sults in Fig. 4 (c), this caused significant deformation and

swelling which consequently cannot be used in PEMFC as a

GDL. Using a temperature ramp rate that is high will cause

increased gas release during phase change from solid polymer

to voltile species. These are produced inside the polymer fi-

bres and expand to deform the structure [42,50]. Different

resins will have varying amount of volatile release and

therefore it is important to perform thermal analysis to con-

trol the decomposition process.

https://doi.org/10.1016/j.ijhydene.2022.05.134
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Fig. 2 e Process workflow to manufacture 3D printing GDL. (a) rendering of digital design using custom code, (b) desktop UV

3D printing of digital structure, (c) images of printed macro and microstructure, (d) Carbolite muffle tube furnace used for

carbonisation step, (e) image of carbonised 3D printed structure, (f) Wettability alteration using PTFE, (g) MPL and CL

application to the surface.

Fig. 3 e Optical microscope images for different 3D printed rectangular lattice structures (aee). Columns of images show the

same microstructure at different magnifications and the last image shows the side view of each material.
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A sample of the cured UV resin was analysed in a ther-

mogravimetric analyser (Discovery TGA 550) producing the

mass loss profile as shown in Fig. 4 (a). The TGA was con-

ducted using a temperature ramp rate of 10 �Cmin�1 to 900 �C
as this covers the range of temperatures achievable in the tube

furnance. The results show that there were three phases of

material mass loss and therefore structural change: 1)

(25e300 �C) likely contributes to water vapour production with

a 10% mass loss, 2) (300e500 �C) significant mass loss associ-

atedwith pyrolysis of volatile components with 80%mass loss
and 3) (500e900 �C) nomass loss but with energy being used to

reorder carbon crystal arrangements to a more favorable

electrically conductive state (i.e. glassy carbon) [42,50]. Using

the information provided by the TGA, the process settings for

the furnace was chosen as shown by 4 (b). In order to reduce

structural damage, temperature ramp rates were decreased or

held during temperature ranges of increased mass loss. In

total the carbonisation timewas 11 h; however this time could

be improved by using a faster temperature ramp rate during

stages 1 and 3 (below 300 �C and above 500 �C), but thiswas not

https://doi.org/10.1016/j.ijhydene.2022.05.134
https://doi.org/10.1016/j.ijhydene.2022.05.134


Fig. 4 e (a) mass loss (%) with temperature extracted from thermogravimetric analysis of the polymerised 3D printed resin.

Dashed lines represent the temperature set points of 300 �C (black), 500 �C (blue), 900 �C (red). (b) processes operating

temperature of the tube furnace for the carbonisation process, with ramp rates or dwell times highlighted. (c) first

carbonisation of a 3D printed structure without controlled furnace settings. (d) successful carbonisation with deformation,

showing isotropic material shrinkage. (e) microscope images of final structure taken further in the study. (For interpretation

of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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tested in the current study. The samples were placed on

4.8� 5 cm plates in order to ensure thematerial retained a flat

formduring the carbonisation step; if left in the tubewithout a

flat support, the structure can warp to the curvature of the

tube as shown in Fig. 4 (d) (i) and (ii).

After carbonisation, the 3D printed material shrinks to

approximately 46% of the original size. After inspection of

different carbonised structures, the shrinkage appears to be

isotropic as shown in Fig. 4 (d). Using the settings in Fig. 4 (b),

structure accuracy at micro and macro-scales is seen to be

maintained in Fig. 4 (e).
The material was coated with PTFE 5 wt% to improve its

hydrophobicity. This is also similar to the 5 wt% coating found

in the commercial Toray material. This was performed by

making up a solution of PTFE 10wt% from a 60wt% solution by

addition of de-ionised water and subsequent dipping of the

material in the solution under sonication for 1 min. The ma-

terial was then dried in an oven at 70 �C. This process was

repeated until the new total mass was 5% higher than the

original weight. The electrical conductivity was measured

using a two-point probe method [51] using a RS PRO IDM67

Handheld Digital Multimeter.

https://doi.org/10.1016/j.ijhydene.2022.05.134
https://doi.org/10.1016/j.ijhydene.2022.05.134


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 2 3 3 9 3e2 3 4 1 0 23399
3D electrode preparation

To assemble the membrane electrode assembly (MEA)

1.5 cm � 1.5 cm of carbon paper was cut as the gas diffusion

layer (GDL). Ketjen black, mixed with 60 wt% PTFE (the

weight ratio of Ketjen black and PTFE is 90:10) in 17 ml IPA,

was deposited on the GDL by nitrogen-spraying to form the

1 mg cm�2 microporous layer (MPL) followed by sintering at

300 �C for 3 h. Then, catalyst layer (CL) ink, composed of 85%

of Pt/C and 15% of 20 wt% Nafion in 10 ml acetone as solvent,

was deposited on the MPL by nitrogen-spraying to form

0.25 mgPt cm�2 loading on both the anode and the cathode.

To evaporate organic solvents (IPA and acetone), the elec-

trodes were dried at 120 �C during spraying for both MPL and

CL. Afterwards, 0.5 mg cm�2 Nafion bonding layer was

sprayed on the catalyst layer. Finally, two electrodes (same

catalysts on both anode and cathode sides) with Nafion-212

were used to prepare the MEA by hot-pressing at 135 �C for

2 min and at 80 psi for another 2.5 min pressing at the same

temperature [52]. For the MEA performance tests, the single

fuel cell (1.5 cm� 1.5 cm electrode area) was put between two

graphite plates of size 40 mm � 40 mm � 20 mm the

serpentine gas channel in the centre of the graphite plates is

of size 13 mm � 1 mm � 1 mm (Figure S1) [53]. For the

reference commercial MEA, carbon paper was used as the

GDL in the cathode and anode whereas in the 3D printed

based MEA, the 3D printed material was used as the cathode

GDL (shown in Fig. 1 (d) and implemented into the MEA using

the same method.

The fuel cell was tested under 100% relative humidity for

100 ml min�1 of both H2 and O2 without back pressure. During

the cell activation step, the fuel cell was activated by scanning

the current from zero to the maximum current for 5 times at

room temperature, 30 �C, 40 �C, 50 �C and 60 �C. The results

were recorded by scanning the current from zero with the

higher open circuit voltage (OCV) to the maximum current

point. The current scanning step is 0.01 A s�1, staying at each

point for 30 s.

Electrochemical impedance spectroscopy (EIS) measure-

ments were conducted using a Gamry Interface 5000 E at

different temperatures under 100% relative humidity for

100 mL min�1 of both hydrogen and oxygen without back

pressure. The impedance spectra were recorded at a constant

voltage of 0.40 V by sweeping frequency between 10 kHz and

0.1 Hz with AC signal amplitude of 100 mV and recording 10

points per decade. Gamry Echem Analyst software was used

to fit the EIS curves to obtain the equivalent circuits. The linear

sweep voltammetry (LSV) was also tested by Gamry Interface

5000 E when the hydrogen and nitrogenwere fed to anode and

cathode at the flow rate of 100 mL min�1, respectively. The

cathode works as the working electrode at 2 mV s�1 from 0 to

0.8 V against anode [2].

For post-electrochemical testing analysis, the 3D based

MEA was freezeefractured in liquid nitrogen and cut by a

disposable scalpel No. 20 (Swann Morton). The surface and

crossesection of the GDL was studied by scanning electron

microscopy (SEM, Quanta 250 equipped with an Energy

Dispersive Xeray Spectroscopy (EDS) detector (Oxford

Instruments).
Simulations

To investigate further the combined effect of a 3D printed GDL

lab scale flow field on the oxygen distribution, two computa-

tional fluid dynamics simulations were set up. The serpentine

flow field is shown in Fig. 5 (a) which was used to generate the

computational mesh shown in Fig. 5 (b). The air is introduced

to the inlet plane (green) and leaves through the outlet

channel (red). The porous domain and channels are fully

connected in both simulations, which used different pore

scale structures as shown in Fig. 5 (c). The ordered porous

structure and carbon paper reconstructed sample were

created using a voxelised porous microstructure generator

code in MATLAB [8]. The ordered structure (1 mm) was 2.6

times thicker than the carbon paper material (380 mm) inves-

tigated. The lattice spacing between pores was 350 mm.

The computational mesh used a surface refinement mesh,

with a resolution of 23 mm for the porous structure and 47 mm

for the channel, with a total of 2million cells for the 3D printed

and 5 million cells for the carbon paper simulation. Assump-

tions of incompressible, steady-state, isothermal conditions

for the air phase were used to solve the Navier-Stokes equa-

tions using the simpleFoam solver (OpenFOAM) to find the

velocity and pressure field withmodel details found in Ref. [9].

As a post processing step, a passive scalar was transported

from the inlet to the outlet using the convection diffusion

equation with a fixed flux boundary at the CL surface.

The diffusion coefficient D of oxygen in air was set to

2 � 10�5 m2 s�1 and the gradient of oxygen at the CL surface

was

VC ¼ � i
4FD

; (1)

where F (96 485 A mol�1) is the Faraday constant and i is the

current density (10 000 A m�2). This boundary condition was

set to approximate the oxygen consumption process at an

operating current density of 1 A cm�2. Water production was

ignored because the computation time of such simulation

would be very expensive in regards to the purpose of the

simulation [9].
Results

3D printing and carbonisation

The process of converting a digital design of an ordered lattice

microstructure to a 3D printed result is shown in Figs. 2 and 3.

Only one microstructure was taken forward to integrate into

the lab scale fuel cell due to time constraints. Other materials

that were carbonised had suffered deformation of the struc-

ture, and would not make a good candidate to test in the

fuel cell.

The properties of the 3D printed lattice structures before

and after carbonisation are shown in Table 1. The perme-

ability of the 3D printed structure was predicted using the

analytical equation in Ref. [54] andwas 213 times higher than

the permeability of carbon paper materials [8]. The effective

diffusivity was found using CFD simulation on different
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Fig. 5 e (a) Image of the lab scale fuel cell with the channels extracted for the simulation domain. (b) simulation domain

showing the inlet (green), outlet (red), channel walls (blue) and porous GDL surfaces (grey). (c) Porous structures used in the

simulations represent the 3D printed and carbon papermaterials. (d) Close up of porousmicrostructures, showing thickness

and pore size differences. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

Table 1 e Summary of material characterisation results
for the 3D printedmaterial before and after carbonisation
processes.

Material 3D Printed 3D Printed Carbonised

Electrical conductivity

(S m�1)

0 150

Permeability (m�2) 1.92 � 10�8 4.80 � 10�9

Effective Diffusivity 0.81 0.81

Contact Angle (�) 55 (±10) 89 (110 with 5 wt% PTFE)

(±10)
Minimum pore size (mm) 400 200

Thickness (mm) 1000 411

Porosity 0.88 0.88 (0.65 after CL)
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lattice structures by increasing the fibre diameter using a

similar method to Ref. [8] and is found to be 38% larger than

the maximum diffusivity of a commercial GDL sample [55].

The contact angle was measured using the sessile drop

method [56] with a 33 mL droplet placed on the surface and

using image analysis to estimate the contact angle which

ranged from 55� for the raw 3D printed material, 89� after

carbonisation and 110� after PTFE coating. Due to the

roughness of the surface microstructure, the contact angle

had a variability of ±10�.
The measured electrical conductivity was low at 150 S m�1.

However, this measurement is likely contaminated by the

inability of the two probe method to account for contact

resistance. We anticipate the actual conductivity to be on the

order of 1000 S m�1 [57], since the carbon produced has a

similar conductivity to highly orientated pyrolytic graphite [58].

SEM analysis of carbonised GDL

SEM and opticalmicroscope images of different carbonised 3D

printed GDL are shown in Fig. 6. The figure shows different

materials in the rows and the columns show different

magnification. The last image in Fig. 6 (a - b) shows the cata-

lyst coated side of the microstructure. The results show that

the carbonisedmaterialmaintains its structural accuracy over

a large scale and that the material surface is reflective like

graphitic carbon. Resulting from the straight though pore

design, application of the MPL and CL onto one side of the

structure (shown in Fig. 6 (a)) thickens the fibres and does not

form a smooth layer, with MPL cracks resulting from spray

drying process. The material shown in Fig. 6 (b) shows a

structure with smaller pore sizes. During the coating stage,

PTFE accumulated at the bottom surface of some pores

(shown by the white regions) which impacts significantly the

oxygen transport to the catalyst layer. Although with this

design the catalyst layer formed was smoother and had less

holes, which indicates that a smaller pore size could form a

flat CL surface.
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Fig. 6 e Optical microscope images of different carbonised structured GDL samples with columns showing different

magnifications. (a) contains a larger pore size than (b) which has more PTFEand sample 2 (eef) where the coated PTFE can be

seen in white.
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SEM images of other carbonised 3D printed structures are

shown in Fig. 6 (c - e). These images provide higher resolution

images to demonstrate the structural accuracy maintained

during the carbonisation procedure outlined in Fig. 4. Inter-

estingly, the fibres of the lattice are not smooth; there is an

induced surface roughness caused as an artefact of the 3D
printing. This microstructure effect can be seen in the 3D

printed structures prior to carbonisation such as in Fig. 3 (b).

This higher surface roughness may be beneficial for the use of

3D printed carbonised structures in redox flow batteries

(where the reaction rate increaseswith surface area) [30] or for

microbial fuel cells [28]. Fig. 6 (j - l) show an image of the
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catalyst coated side, illustrating how the MPL coats and

thickens the fibres. As future work, it is possible to show that

there is a limit to the pore size that will allow an efficient

integration of the material into PEMFCs.

Polarisation curve

A membrane electrode assembly was created from the 3D

printed electrode (cathode), carbon paper (anode) and Nafion

212 (membrane). This was tested in a low-temperature

hydrogen fuel cell as shown in Fig. 1 (d). References to the

3D printed carbonised GDLwill be referred to as “3D00, whereas

reference to the commercial carbon paper (Toray) will be

referred to as “Commercial”. The performance obtained for all

MEAs tested in the fuel cell using the 3D cathode and com-

mercial electrode was shown to increase with higher oper-

ating temperature as shown in Fig. 7 (a).

As shown by Fig. 7 (b), the maximum power density ob-

tained for the 3D material (205 mW cm�2) was lower than in

the commercial electrode (543 mW cm�2). This can be

explained by the low open circuit voltage in the 3D cathode

based MEA (around 0.6 V) which is a consequence of severe

hydrogen crossover and leads to further deteriorated perfor-

mance for the 3D based MEA. In the commercial material,

there is a sharp decline in the polarisation curve, which is

related to high mass transfer loss, especially at higher tem-

peratures [59].

Linear sweep voltemmetry (LSV)

The low OCV exhibited by the 3D MEA can be explained by the

hydrogen crossover. Hydrogen crossover occurs via diffusive

transport, where the hydrogen concentration on the anode

side is higher than that on the cathode side. This can cause

direct loss of fuel cell efficiency and can lead to cathode po-

tential reduction and produce harmful radicals. Therefore,

hydrogen permeability is an important factor to determine the

fuel cell performance. Fig. 7 (c) showed the commercial ma-

terial has a limiting hydrogen crossover current density which

is less than zero, illustrating the Nafion 212 in the commercial

MEA performs good as the proton exchange membrane

without hydrogen crossover. However, the LSV curve for 3D

based MEA (black line) has dramatically increased hydrogen

crossover current density. The uneven surface of 3D printed

electrode can cause the membrane to swell into the large

pores which can lead to breakage or introduction of pinholes.

Thismechanismhas been shown to occur even in commercial

carbon paper materials [35] and subsequently resulted in

increased hydrogen crossover and decreasedOCV. Evidence of

this membrane damage can be seen in Fig. 9. This damage

could be mitigated by either using a higher resolution 3D

printer to produce smaller pore scale features which do not

induce as much membrane deformation or by printing a flat

microporous layer.

Electrochemical impedance spectroscopy (EIS)

To better understand the electrochemical properties of

membranes, the EIS was performed. The EIS spectra were

fitted using the equivalent circuit shown in the supporting
information (Figure S2). Usually, the EIS curves contain three

loops: high frequency loop (anode charge transfer resistance),

intermediate frequency loop (cathode charge transfer resis-

tance) and low frequency loop (mass transfer resistance).

However, it seems only two arcs exist in these EIS curves as

shown in Fig. 7 (d), which is not consistent with the apparent

mass transfer loss in themembranes tested at 60 �C (Fig. 7 (a)).

This is probably due to the instabilities such as acid content

and reactant diffusion in the fuel cell [60]. The resistance be-

tween the intercept on the real Z-axis at high and low fre-

quencies is interpreted as the sum of charge transfer

resistance and mass transfer resistance of the anode and

cathode [61]. The various resistances reflected by intercepts

on the real Z-axis in the Nyquist curves are summarized in

Table S1. As shown in Fig. 7 (d), both commercial and 3D based

MEA showed similar membrane resistances (around

0.16 U cm2). However, the sum of charge transfer resistance

and mass transfer resistance for 3D based MEA (0.30 U cm2) at

60 �C had larger resistances than the commercial based MEA

(0.19 U cm2). However, since the mass transfer resistance is

unlikely to be high due to the large pore sizes, the increased

resistance of 3D based MEA may be related to higher charge

transfer resistance and contact resistance due to the large

pore size and uneven membrane after hot-pressed as shown

by the SEM results in Fig. 9. Additionally, the uneven catalyst

distributions and low catalyst utilization in cathode may be

another explanation for increased charge transfer resistance

as will be explained in the analysis of Fig. 8.

Analysis of benefits of 3D printed electrode

Although the 3D printed MEA exhibits low power density,

higher hydrogen crossover, and larger impedance than the

commercial based MEA, there are still some interesting points

based on the electrochemical performance, including the low

mass transfer resistance and better water management. To

reduce the interference from the different reaction rates and

better understand the factors which may cause the polar-

isation variations, the regions at the same current density for

each MEA were compared. As shown in Fig. 7 (e � g), when

taking the five polarisation curves during the activation steps,

the polarisation curves for the commercial basedMEA showed

larger variations (DV) especially in the high current density

region, compared with 3D based MEA.

At higher current density, the rate of reaction is higher and

this produces more water which may block the pores in the

gas diffusion layer, microporous layer and catalyst layer. This

potential variation was also more apparent at higher oper-

ating temperature (Fig. 7 (f)) where the 3D printed MEA was

more stable than the commercial MEA. Water produced in the

cathode sidewhich cannot be immediately removed out of the

cathode chamber can block the oxygen pathways and termi-

nate the reactions in the cell. This was shown by some of the

polarisation curves in the commercial based MEA which are

suddenly terminated during the activation (Fig. 7 (f - g)). This

shut-down situation was significantly improved in the 3D

based MEA. The repeatable polarisation curves with mini-

mized transient potential variations for the 3D based MEA

highlights the potential water management in the 3D ordered

structure at the same current density regardless of the lower
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Fig. 7 e (a) polarisation curve and (b) power density for 3D printed and commercial materials between 40 and 60 �C. (c) LSV
and (d) nyquist plot for the 3D printed and commercial materials at 60 �C. Variation in polarisation curve measurements

(5 min difference) for the 3D printed (3D - red) and commercial materials (C - blue) at (e) 40 �C, (f) 50 �C and (g) 60 �C. Shaded
regions show area of variability between measurements, with the magnitude of the variation shown below each column.

(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8 e (a) SEM of cross section of MEA with the material shown in Fig. 6 (a), with layers segmented by colours. (bee) SEM

and EDS of the 3D printed material cross section without the MEA, (fei) SEM and EDS of the MEA cross section, showing the

elemental distribution of carbon, platinum and fluorine respectively. The SEM and EDS information allowed for the

identifications of the distribution of materials in (a). (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 2 3 3 9 3e2 3 4 1 023404
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Fig. 9 e (a) cross section SEM image of the membrane detached from the 3D printed MEA using liquid nitrogen. The peaks in

the curves represent the areas where the large through-plane pores are present. (b) SEM image of the membrane showing

the rough contact regions with the 3D printed GDL. (c) magnified region showing potential area of membrane breakage. (d e)

highlighted areas (blue) where anode GDL fibres can be seen through the cathode side. (feg) show the cross section of the

MEA where membrane deformation is seen. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 2 3 3 9 3e2 3 4 1 0 23405
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power density (which is a result of the integration with the

membrane). All five polarisation curves are successfully

measured in the 3D based MEA, compared with only two

intact testing in commercial based MEA; where the polar-

isation curve at some current density in the 3D MEA was

higher than the commercial MEA.

Analysis of 3D printed MEA

To inspect the construction of the MEA, SEM and EDS were

used to look at themorphology and element distribution. Fig. 8

(a) shows the cross section of the MEA that was cut (which

inevitably causedmaterial damage at the edges because of the

hardness of the 3D carbonised materials). The different pha-

ses ofmaterials can be clearly seen. The 3D printed carbonised

material (green) is shown to be successfully integrated with

large through-plane pores (140 mm), although the in-plane

void space structure appears to be collapsed. Although, as

shown by Fig. 8 (b), there is still pore space connectivity in the

in-plane direction, its throat size is significantly reduced

(35 mm). Furthermore, after cross referencing with the EDS

data presented in Fig. 8 (i), there are regions of accumulated

PTFE as shown in purple in Fig. 8 (a), which could cause further

mass transport losses.

The distribution of PTFE in the 3D printed material can be

seen by the analysis of Fig. 8 (e) and (i). The EDS shows that the

PTFE is distributed across the surface, but accumulates in

certain regions (e.g. at the top surface or inside pore throats).

The distribution of PTFE in white is clearly identifiable in the

optical microscope images in Fig. 6(aeb) where it either coats

the surface more uniformly or can block the pores depending

on coating specification. In the commercial material, the dis-

tribution of the fluorine containing materials (PTFE) is high-

lighted to show a greater concentration at towards the

membrane and on the external surface, but also distributed

inside the material. PTFE in Toray materials will be concen-

trated at the intersections between fibres and possibly coating

uniformly around individual fibres if an optimised coating

process is used [24].

The structural changes of the 3D printed electrode from

the SEM images shown in Fig. 6 can be attributed to the

method of MPL/CL preparation. Fig. 8(bee) shows the

elemental distribution of carbon (c), platinum (d) and fluo-

rine (e) for the cross section of the 3D printed material

without the membrane. It is clear from these images that a

smooth CL is not created and therefore much of the sprayed

MPL is deposited inside the internal structure, which

thickens the fibre diameter (shown by increasing fibre

diameter with thickness of material from 83 to 44 mm). This is

indicated by the distribution of platinum and fluorine (con-

stituents of the CL and PTFE respectively), which are found

inside the internal structure. Particularly with platinum

distribution in Fig. 8 (d), there is a clear gradient in colour

intensity from the CL to the channel side. If an ionomer layer

exists in this internal structure, the diffusion path length is

large, which will induce significant ohmic resistances;

essentially, the effective catalyst active area is under uti-

lised. Furthermore, it is clear from the distribution of fluorine

containing PTFE from Fig. 8 (d) the MPL is thickening and

blocking the in-plane pore throats of the material.
The images from SEM and EDS shown in Fig. 8 (f - i) were

used to identify regions in Fig. 8 (a). These show the distri-

bution of carbon, and fluorine containing PTFE andmembrane

materials which help identify areas of accumulation and the

regions that likely correspond to the membrane.

The collapsing of the void space in the in-plane directions

will interfere with effective oxygen transport under the rib

regions of the cell, which could increase mass transport

overpotential. Taking the information from Fig. 8 it is sur-

prising that the performance of the cell shown in Fig. 7 (a) was

achieved, which gives confidence for future research into 3D

printed GDL if the challenges encountered in this study are

addressed.

Membrane damage

The lowOCV exhibited by the 3D printedMEA is the reason for

the low power density relative to the commercial based MEA.

The state of the membrane in the 3D printed MEA was ana-

lysed by removing the membrane from the MEA by doping in

liquid nitrogen. SEM of the cross section of the membrane is

shown in Fig. 9 (a), which shows the deformation of mem-

brane into the areas where the large pores of the 3D printed

structure would be. As shown by research into membrane

swelling and deformation, even in commercial GDL this can

occur [35] but its effect is amplified in the ordered structures

used in our study because of the large through-plane pores.

The deformation of the membrane can cause high contact

resistance and hydrogen crossover (as cracks and pinholes are

likely to occur).

Additionally, as shown by Fig. 9 (b - c) the contact area

between the cathode catalyst layer and themembrane (shown

by the rough areas) is significantly reduced (only 46% in con-

tact). This firstly underutilises the effectivemembrane contact

area, but also allows areas of uneven compression, leading to

eventual breakage and areas of hydrogen crossover. Fig. 9 (d -

f) show an area of themembranewhere the fibres of the anode

carbon paper fibre GDL can be seen through the membrane,

which clearly highlights a thin or damaged membrane in

those areas, compared to the smooth areas shown in the

middle of the pore regions. The membrane deformation and

damagewhich led to the lowOCV, high contact resistance and

hydrogen crossover can also be highlighted in other cross

sections of the 3D printed MEA shown in Fig. 9 (f - g).

To fully understand the potential performance of ordered

structures, integration of a smooth CL on the surface must be

achieved.

Simulation results

Using computational fluid dynamics (CFD) the idealised per-

formance in terms of oxygen distribution in the cathode flow

field and GDL can be investigated.

Fig. 10 shows the results of the steady-state flow and

transport simulation performed in the lab scale cell set up

shown in Fig. 5. This was performed at a current density of

1 A cm�2 and with a 3D printed GDL thickness of 1 mm, which

was three times larger than the actual manufactured result.

Nevertheless, this analysis shows the improvements to oxy-

gen distribution in the lab scale set up using a 3D printed GDL.

https://doi.org/10.1016/j.ijhydene.2022.05.134
https://doi.org/10.1016/j.ijhydene.2022.05.134


Fig. 10 e (a) flow field view and (b) catalyst layer view of the steady-state flow, oxygen transport and consumption at a

current density of i ¼ 1 A cm¡2. Inlet and outlet shown in blue and red dashed areas respectively. (c) X-direction averaged

concentration in the GDL for the 3D printed (green) and the carbon paper (black) along the Y-direction (from inlet to outlet).

(d) velocity magnitude heat map under for both materials (showing significant under rib convection. (e) Normalised Y-

direction oxygen concentration coloured by averaged velocity in the thickness of the GDL at each location. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10 (a - b) show that oxygen is distributed more homo-

geneously and effectively in the cell, with enhanced diffusive

and convective flux to the edges of the cell. There are some

regions in the carbon paper material which are diffusion

limited (blue regions at 0.23 mol m�3) whereas in the 3D

printed material, oxygen concentration remains high in those

regions (green at 4 molm�3). Taking the oxygen concentration

distribution data in the GDL region and averaging along the X-

direction from the inlet to the outlet (Y-direction) produced

the results in Fig. 10 (c). This shows that at all regions in the

cell, the oxygen concentration in the cell is higher in the 3D

printed material (green line) than the carbon paper material

(black line). Furthermore, this shows that the 3D printed ma-

terial is able to handle counter-flow transport better (from 0 to

0.0025 m) compared to the carbon paper material.

The improved diffusive and convective flux from the 3D

structure can be seen in the visualisations of mass flux in

Fig. 10 (d) where the flow ismore homogeneous, and regions of

low velocity are not found as frequently as in the carbon paper

material. In both materials, in the current lab scale set up

there is significant amount of convection in the under rib re-

gions, this cross-flow is caused by the high pressure difference

between the channels and is shown by the orange colours in

Fig. 10 (d). These regions appear to be correlated to areas of

greater oxygen transport, which can be seen in Fig. 10 (b) and

(e � f). Where there is greater mass flux in the GDL, there is a

greater concentration of oxygen at the catalyst layer surface

as shown by the normalised y slice concentrations of oxygen

shown in Fig. 10 (e � f). This clearly highlights the importance

of in-plane permeability and convection which directly im-

proves the advective transport of oxygen (shown by the more

red colours associated with high velocity having the highest

supply of oxygen at the catalyst surface).

The simulation results highlight that convection plays a

key role in themass transport capability of the GDL.While this

study only looked at two cases in single-phase, the addition of

liquid water will cause a significant divergence of results,

where the 3D printed material should handle water manage-

ment better and interfere with the oxygen transport less. To

summarise, due to the higher permeability of the 3D printed

material, the pressure drop in the cell was 27 Pa (compared to

54 Pa in the commercial material) and the average oxygen

concentration at the CL was 8% higher than the carbon paper

microstructure, which is promising, considering the thickness

of the 3D printed structure is more than doubled.
Conclusion

For the first time, a designed 3D printed gas diffusion layer

was used to replace a commercial carbon paper material

used conventionally in the cathode of a PEMFC. The 3D

printed design was successfully manufactured using a

desktop UV printer, with a minimum pore size of 300 mm and

minimum fibre size of 250 mm and with the macroscale di-

mensions of 0.8 � 50 � 50 mm. After optimising the car-

bonisation process by considering the thermogravimetric

analysis of the cured resin, the structures were successfully

carbonised at 900 �C under nitrogen atmosphere. Minimal
structural damage was incurred and electrical conductivity

of around 180 S m�1 was exhibited. The structure wettability

was altered with the addition of 5% wt PTFE and integrated

into a lab scale fuel cell testing setup by spraying theMPL and

CL onto the structure and subsequent hot-pressing to the

membrane to form an MEA.

The electrochemical testing results show a lower power

density than the commercial material. However, further an-

alyses of the material using SEM, EIS, EDS and LSV have

highlighted the reasons for this reduction. Firstly, membrane

damage was caused by an uneven CL surface and large pore

sizes, which allowed for significant hydrogen crossover and

consequently a reduction in the OCV. Secondly, the distribu-

tion of the CL (e.g. around the fibres) did not form a flat sur-

face; the contact area was effectively reduced by 54% and

therefore contact resistances are introduced. Furthermore,

the method of MPL/CL application (spray drying) allowed the

MPL/CL agglomerated structure to penetrate the structure

internally, both lowering the effective usage of catalytic active

areas and altering the in-plane pore space resistance for ox-

ygen transport.

The transient variations in cell performance highlighted

the stability of the 3D printed electrode to deal with water

management at the same current density; either by water

vapour transport or liquid water removal. This is promising

for commercialisation as less water flooding was observed; if

the challenges with the implementation can be addressed,

efficiency and durability gains should follow.

Using CFD simulations of the lab scale fuel cell cathode in

both a carbon paper and 3D printed material structure, it was

also shown that the effective oxygen distribution in the 3D

material should be improved, if the challenges associated

with cell engineering can be addressed.

As the first of its kind study, further research in material

implementation and development will increase the OCV and

allow a fairer comparison between a 3D printed electrode and

the commercial material. To improve the performance of the

3D printed GDL, several challenges encountered in this study

must be addressed. The first challenge would be to reduce

membrane damage and subsequent hydrogen crossover,

which could be addressed by reducing the pore scale accuracy

of the 3D printer which would allow a smooth CL surface to be

formed but also act to reducemembrane deformation into the

pores. This could be achieved through an intermediate fine

mesh structure on the bottom of the 3D printedmaterial or by

printing a joined GDL and microporous layer. The uneven

catalyst distribution can be addressed by using a catalyst

coated layer applied to the membrane. The electrical con-

ductivity of the GDL could be increased further by using a

furnace at higher operating temperatures, from 900 �C to

around 2000 �C. The pyrolysis process could be optimised

further to reduce processing time and material deformation.
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