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Abstract 

The graphitisation of ordered mesoporous carbons (CMK-3) was carried out by thermal treatments 

under different conditions of temperature and heating rate. The electrochemical characterization in 

acidic medium of the graphitised CMK-3 showed that such a thermal treatment is effective to decrease 

the carbon oxidation rate (corrosion) while preserving a good porosity in terms of capacitance. 

Besides, the graphitisation degree and, in consequence, the electrochemical corrosion resistance can 

be modulated by an appropriate choice of thermal treatment conditions, where the heating rate and 

temperature appear as critical parameters. Under certain graphitisation conditions, the carbon 

corrosion of CMK-3 can be minimized showing lower rates compared to a commercial carbon black 

(Vulcan). Palladium nanoparticles were supported on the most promising graphitised CMK-3 and 

Vulcan using a method based on impregnation and reduction with borohydride, resulting in suitable 

metal crystallite sizes. The electrocatalytic activity towards the oxidation of carbon monoxide and 

formic acid were assessed in aqueous sulphuric acid electrolyte for application at the anode of direct 

formic acid fuel cells (DFAFCs). The best activity results were obtained for the Pd catalyst supported 

on a graphitised CMK-3. 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Among the different types of fuel cells, the most suitable for powering portable devices, 

electric vehicles and transportation, are the polymer electrolyte membrane and direct alcohol fuel 

cells, due to their low operating temperatures (60-100 °C) and fast start-up. In the case of alcohol fuel 

cells, in particular methanol, fuel crossover represents a major challenge which limits fuel 

concentration and overall energy density of the cell [1]. In this context, formic acid has emerged as 

an alternative fuel, showing lower crossover through the polymeric membrane than methanol [2], as 

well as for being non-carcinogenic, non-flammable and easy to store and transport. 

The oxidation of formic acid (HCOOH) has been described to proceed through a dual pathway 

mechanism, which includes (i) its direct oxidation to CO2, and (ii) an indirect pathway forming CO 

as an intermediate [3]. Although Pt is commonly used as fuel cell catalyst, previous studies showed 

that the rate of formic acid electrooxidation on pure Pt metal is insufficient for practical use, because 

Pt is severely poisoned by the adsorbed CO intermediate [4]. It has been demonstrated, however, that 

the use of Pt alloys can diminish this CO poisoning effect [5], especially alloys of Ru and Pd. It has 

also been established that Pd promotes the direct pathway for formic acid oxidation. Masel et al. 

demonstrated that unsupported Pd and Pd/C catalysts can overcome the CO poisoning effect, thereby 

yielding high performances in direct formic acid fuel cells (DFAFCs) [6, 7]. 

The electrooxidation of HCOOH on Pd nanostructures has been widely investigated in the 

literature [7-14]. Kolb et al. demonstrated that the electrocatalytic activity of Pd overlayers on Au and 

Pt single crystal electrodes depends markedly on their crystallographic orientation; following the 

trend Pd(111) < Pd(110) < Pd(100) [15, 16]. Although in previous studies the same authors showed 

that the activity of Pd nanostructures towards HCOOH oxidation is enhanced in the presence of a 

carbon support, leading to lower deactivation kinetics under potentiostatic conditions [13, 14, 17]; 

there is an intense discussion about the stability of Pd electrocatalysts under operational conditions 

of DFAFCs [18-21].  



Carbon materials are the first choice for electrocatalyst supports because of their large specific 

surface area and high electrical conductivity. Carbon blacks, such as Vulcan XC-72 (220 m2 g-1), are 

widely considered as electrocatalyst support since they exhibit a good balance of physical properties. 

However, despite the need of a highly accessible surface area, other factors such as pore size 

distribution and surface chemistry also affect the properties and activity of noble metal 

electrocatalysts supported on carbon blacks. For these reasons, new carbon materials such as carbon 

nanofibers, ordered mesoporous carbons, carbon gels or carbon nanocoils, are being investigated in 

order to improve the electrochemical performance of the catalysts in the fuel cell [22, 23]. An 

important aspect regarding high surface area carbon supports is the irreversible corrosion occurring 

at highly positive potentials. In a fuel cell, the oxidation of carbon occurs mainly at the cathode side 

during operation at high electrode potentials like those arising in start-up/shut-down processes, and 

dominates the degradation of the membrane-electrode assembly [24, 25]. Moreover, the corrosion is 

accelerated under abnormal conditions like cell reversal, fuel starvation and sudden current transitions 

[26]. Recent investigations have also individuated an important corrosion phenomena at the anode 

side in transient operating conditions of fuel feeding [27]. The corrosion rate of carbon materials 

increases with their surface area, carbon disordering degree and with a high percentage of labile 

surface carbon moieties [28, 29]. However, the degradation rate can be significantly slowed down by 

graphitisation treatments at high temperature (1100-2000 °C) without compromising the advantage 

of a highly mesoporous texture [30-32]. 

Ordered mesoporous carbons (OMCs) have received great attention due to their unique 

properties, they can find potential applications in several fields [33-35]. They present a regular 

structure, high surface area, large pore volume and a narrow pore size distribution [33, 36]. Our group 

has previously studied CMK-3 carbons as electrocatalyst supports for fuel cells [37], however, a 

major disadvantage of these materials is the low electrical conductivity, which hinders the charge 

transfer. 



In this work, we have studied how the graphitisation heat treatment affects mesoporous carbon 

materials to increase its resistance to corrosion and electrical conductivity. First, we synthesised two 

different types of ordered mesoporous carbons (CMK-3), followed by different thermal treatments. 

The electrochemical corrosion in acid medium of such graphitised OMCs was investigated. Pd 

nanoparticles were deposited on the most stable materials and the electrochemical activity towards 

CO and formic acid oxidations was studied.  

 

2. Materials and methods 

2.1. Synthesis of carbon materials, thermal treatment and characterization 

Ordered mesoporous carbons (CMK-3-R2 and CMK-3-R8) were prepared by incipient 

wetness impregnation of SBA-15 silica with furan resin (Huttenes-Albertus) as carbon precursor. The 

silica materials SBA-15/R2 and SBA-15/R8 contained mass ratios of TEOS/P123 equal to 2 (R2) and 

8 (R8). Subsequently, the impregnated silica was carbonized at 700 °C for 2 h, and the obtained silica-

carbon composite was treated with HF (40 %, Fluka) to remove the silica, as described previously in 

[36, 38]. Finally, the carbon materials thus obtained were subjected to different thermal treatments. 

This treatment was carried out in a graphite electrical furnace for 1 h under argon flow. 

Table 1 states the nomenclature and the heat treatment conditions used for the preparation of 

the carbon materials under study. Vulcan XC-72R (Cabot) and the untreated carbon materials were 

used to establish a comparison. 

Table 1. Nomenclature and heat treatment conditions of the materials. 

Material Heating rate Temperature 

 ºC min-1 ºC 

CMK-3-R2 --- --- 

CMK-3-R2-1500-3 3 1500 

CMK-3-R2-1500-5 5 1500 

CMK-3-R2-1500-10 10 1500 

CMK-3-R2-2000-5 5 2000 

CMK-3-R8 --- --- 

CMK-3-R8-1500-10 10 1500 

Vulcan --- --- 

 



 

XRD patterns were recorded using a Bruker AXS D8 Advance diffractometer with a θ-θ 

configuration and using Cu Kα radiation. Raman spectra were obtained using a Horiba Jobin Yvon 

HR800 UV, using the green line of an argon laser (λ = 514.53 nm) as the excitation source. 

The textural characteristics of the carbon materials supports were derived from the N2 

adsorption-desorption isotherms obtained at -196 ºC in a Micromeritics ASAP 2020 volumetric 

adsorption system. Specific surface area was calculated using the BET (Brunauer-Emmett-Teller) 

equation. Total pore volume was determined by the single point method at p/p0=0.99. Micropore 

volume was assessed by applying the t-plot method.   

The device designed to measure the electrical conductivity of carbon materials consisted of a 

polyethylene cylinder (electrical insulator), in which the sample was introduced. Two bronze pistons, 

connected to a current source (Time Electronics 1044) and a multimeter (Fluke 45 Dual display 

multimeter), were placed at both sides of the cylinder. An electrical current value of 19.99 mA was 

passed through the system, generating an electrical potential difference between both pistons. 

Meanwhile, a pressure in the interval 1-156 MPa was applied to the sample using a hydraulic press, 

to reach a maximum value of the electrical conductivity. The variation of the sample height inside 

the cylinder and the generated electrical potential difference were measured by a high precision laser 

device (Keyence LK-2101) and a multimeter, respectively. The value of the resistance was calculated 

by R = ρ·h/A, where R is the electric resistance in Ω, ρ is the electric resistivity (Ω·cm), h the distance 

between the pistons (cm), and A the transversal section of the sample (cm2). The electrical 

conductivity was calculated as σ = h/A·R. 

 

2.2. Corrosion experiments 

Gas diffusion electrodes were prepared according to a procedure described elsewhere [39], 

consisting of carbon cloth backing, gas diffusion layer and the carbon layer under study. To reduce 

the flooding effects due to the use of a sulphuric acid aqueous solution electrolyte, a hydrophobic gas 



diffusion layer was used (LT 1200W ELAT, E-TEK). The carbon layer was composed of 67 wt.% 

carbon (under study) and 33 wt.% Nafion® ionomer. The carbon loading was of ca. 0.65 mg cm−2 

(±0.1 mg cm−2) for all the electrodes. 

Electrochemical corrosion tests were carried out in a conventional thermostated three-

electrode cell consisting of the gas diffusion electrode to be tested (working electrode), a mercury-

mercury(I) sulphate reference electrode (Hg/Hg2SO4, sat. K2SO4) and a high surface coiled platinum 

wire as counter electrode. The working electrode geometric area was 0.2 cm2, and a 0.5 M H2SO4 

aqueous solution was employed as electrolyte. Nitrogen was continuously fed to the electrode backing 

layer and to the electrolyte solution during the tests. An Autolab Metrohm potentiostat/galvanostat 

was used to perform the measurements. 

An accelerated stress test was carried out for the evaluation of the carbon materials resistance 

to degradation [40]. It consisted of a potential holding at 1.2 V vs. RHE for 90 min, under inert 

atmosphere. The potential is high enough to cause carbon oxidation at reasonable currents but low 

enough to avoid the oxygen evolution reaction [28, 41]. Cyclic voltammograms at different scan rates 

(from 0.005 V s-1 to 0.1 V s-1) and between 0.05 V and 0.8 V (vs. RHE) were recorded before and 

after the stress tests to estimate the capacitance of carbon materials. The capacitance has been 

calculated from the integration of the area enclosed by the voltammogram, dividing by two, thus 

obtaining the average value between charge and discharge processes. The average value obtained 

considering the different scan rates is then divided by the weight of porous carbon in the electrode. 

Blank experiments with the gas diffusion layer were performed to subtract its contribution to the 

capacitance. 

2.3. Electrocatalysts synthesis and characterization 

To prepare the electrocatalysts, Pd nanoparticles were firstly supported on the carbon 

materials following by reduction with NaBH4, as described previously [42]. Na2PdCl6·4H2O (98%, 

Sigma-Aldrich) was used as metal precursor to obtain a theoretical palladium loading of 20 wt.% on 

the different carbon materials. 



The real content of Pd in the electrocatalysts was determined by energy dispersive X-ray 

(EDX) technique with a Röntec XFlash Si(Li) analyser, coupled to a scanning electron microscope 

Hitachi S-3400 N. X-ray diffraction (XRD) patterns were recorded in a Bruker AXS D8 Advance 

diffractometer with a θ-θ configuration and using Cu Kα radiation (λ = 0.154 nm). XRD scans were 

done for 2θ values between 20º and 100º. Nitrogen adsorption-desorption isotherms were obtained at 

77 K using a Micromeritics ASAP 2020. The total surface area was determined by applying the 

Brunauer-Emmett-Teller (BET) equation, and the total pore volume was determined using the single-

point method at p/p0 = 0.99. Electrical conductivity measurements were performed as previously 

described in [43]. 

For the electrochemical characterization of the Pd catalysts, a two-compartment 

electrochemical cell was used with a Pt wire and a saturated Ag/AgCl as counter and reference 

electrodes, respectively. The reference electrode compartment was separated by a glass frit to avoid 

contamination from the reference electrode solution. To prepare the working electrodes, first, an ink 

of the electrocatalyst was made from 2 mg of the catalyst and 15 µL of Nafion dispersion (5 wt.%, 

Aldrich) in 500 µL of ultrapure water. Then, an aliquot of 40 µL of this mixture was deposited onto 

a glassy carbon disk electrode (7 mm diameter) and dried. Cyclic voltammograms were recorded with 

an Autolab PGSTAT30. All electrochemical experiments were performed multiple times and 

reproducible results were obtained. 

Adsorbed CO oxidation voltammograms were measured employing highly pure CO (99.97%, 

CK Gas) in 0.5 M H2SO4 solutions. The charge associated with CO stripping from the saturated 

catalysts was used to measure the electrochemical active areas, employing a charge of 315 µC cm-2 

per unit area [44]. Formic acid oxidation was characterized by cyclic voltammetry and 

chronoamperometry, recorded in 2 M HCOOH + 0.5 M H2SO4 solutions. Potentiostatic current 

density-time (j-t) curves were recorded at 0.60 V vs. RHE for 900 s. This potential is close to the 

characteristic operational potential in DAFC cells. 

 



3. Results and discussion 

3.1. Corrosion studies 

The electrochemical corrosion of the different carbon materials has been investigated by 

chronoamperometry at 1.2 V vs. RHE in sulfuric acid at room temperature. The current-time curves, 

represented in Figure 1, have been fitted to the following equation according to the literature [45]: 

j = k t-n   (Eq. 1) 

where j is the anode current per unit mass of carbon, t represents time and k and n are constants. 

Carbon electrochemical corrosion at elevated potentials proceeds through the following reaction [41]: 

C + 2 H2O → CO2 + 4 H+ + 4 e-  (φ00 = 0.207 V vs. RHE)   (Eq. 2) 

The fitting parameters are summarized in Table 2. For the sake of comparison, a commercial 

carbon black (Vulcan) has been included in this study. Vulcan is recognized as the benchmark carbon 

support for fuel cell electrocatalysts. 

 

Figure 1. Current-time curves for the corrosion tests at 1.2 V vs. RHE, 0.5 M H2SO4, 0.65 mg cm-2 

carbon loading, at room temperature. 

 

Table 2. Corrosion parameters of the carbon materials. 



Material k n 

Carbon 

oxidation 

charge   

in 90 min 

Capacitance 

(t = 0) 

 
𝐶𝑡=90 − 𝐶𝑡=0

𝐶𝑡=0
 

 A sn g-1  C g-1 F g-1 - 

CMK-3-R2 33.3 0.80 768 61.0 0.477 

CMK-3-R2-1500-3 2.1 0.81 53 6.1 0.199 

CMK-3-R2-1500-5 4.7 0.77 178 20.7 0.402 

CMK-3-R2-1500-10 11.5 0.89 244 26.9 0.480 

CMK-3-R2-2000-5 0.43 0.82 8.5 0.76 0.199 

CMK-3-R8-1500-10 4.7 0.84 107 14.0 0.437 

Vulcan 2.9 0.78 106 4.3 0.463 

 

All the carbon materials show a very similar corrosion mechanism, with n constant values 

around 0.8 (only for CMK-3-R2-1500-10 this value is significantly higher). The differences are 

encountered in the k constant values and, consequently, the charge, as well as the specific capacitance. 

The values of the constant k are a good indication of corrosion rate even if they are not dimensionally 

homogeneous (the units depend on the precise value of n). Nevertheless, similar slopes were found 

in Figure 1 (similar values of n) and, as a consequence, the k values reported can be considered a 

good index to analyse differences in corrosion resistance. On the other hand, the capacitance was 

estimated through cyclic voltammetry in the base electrolyte at increasing scan rates from 0.005 V s-

1 to 0.1 V s-1. The current corresponding to the hydrophobic gas diffusion layer (without carbon layer) 

was negligible, accounting three orders of magnitude lower than the thinnest carbon electrode based 

on Vulcan. 

Regarding the various graphitisation conditions for the CMK-3s, it is remarkable that all of 

them significantly reduce their corrosion rate with respect to the pristine CMK-3-R2. The effect of 

heating rate is evident within the CMK-3s named CMK-3-R2 followed by 1500-3, 1500-5 and 1500-

10, where a slow heating treatment clearly favours a higher corrosion resistance. A slower heating 

rate means a longer treatment during the heating ramp until achieving the steady-state temperature 

(1500 ºC). The graphitisation degree is known to be favoured with long treatment durations at high 

temperatures. Besides, the surface area of porous carbon materials might also diminish with 

graphitisation treatments, as envisaged from the variation of the specific capacitance, from 26.9 C g-



1 for the CMK-3 treated with 10 ºC min-1 ramp to 6.1 C g-1 for the one treated at 3 ºC min-1. It appears 

thus that the heating rate might influence both the graphitisation and the surface area leading to lower 

corrosion rates. The treatment temperature plays also an important role, as observed for CMK-3-R2-

2000-5, showing the lowest rate constant, k, of 0.43 A sn g-1, in fact one order of magnitude lower 

than its counterpart CMK-3-R2-1500-5 (4.7 A sn g-1). Another important aspect regards the properties 

related to the mass ratio of TEOS/P123: the graphitised CMK-3-R8 presents a significantly lower 

corrosion rate than its counterpart CMK-3-R2. This is clearly correlated to the lower surface area of 

the CMK-3-R8 compared to the CMK-3-R2 (Table 3), which also leads to a lower electrochemical 

capacitance (Table 2). 

When these materials are compared to the reference carbon material Vulcan (Table 2), two of 

the graphitised CMK-3s show a lower corrosion rate, namely those treated at 1500 °C with the lowest 

heating rate (CMK-3-R2-1500-3) and at 2000 °C (CMK-3-R2-2000-5). Taking into account their 

porous development, this represents a clear advantage towards their use in highly corrosive 

environments. In particular, Figure 2 represents the values obtained for the anodic charge within the 

first 90 min, correlated to the net amount of oxidized carbon, as a function of their electrochemical 

capacitance before the corrosion test. The capacitance is a good indicative of the practical 

electrochemical surface area of the electrodes, and hence, mainly depends on the carbon surface area 

among other less relevant parameters. One of the main parameters affecting carbon corrosion is the 

electrochemical surface area, among others (like the surface composition or the graphitisation 

degree). In practice, this means that the higher the exposed carbon surface, the higher the corrosion 

rate. In other words, a carbon material with high specific capacitance is more prone to corrosion 

unless its structure is more graphitic and/or there is a higher density of resistant surface carbon 

moieties [28, 29]. Apparently, the differences encountered in carbon corrosion among the graphitised 

CMK-3s of the present work are more correlated to the electrochemical surface area rather than other 

parameters like graphitisation or surface chemistry. In the subsequent section the relative influence 

of graphitisation level on corrosion rate will be briefly discussed on the basis of Raman spectra. 



 

 

Figure 2. Corrosion charge dependence on capacitance for the different CMK-3s and Vulcan. 

 

Three regions can be distinguished in Figure 2, as indicated by the straight lines: less than 10 

C F-1, between 10 and 20 C F-1 and higher than 20 C F-1. Four of the graphitised CMK-3s are found 

within the zone of low specific corrosion charge: CMK-3-R2-1500-3, CMK-3-R8-1500-10, CMK-3-

R2-1500-5 and CMK-3-R2-1500-10. The heating rate, and thus, the time of heating to reach the final 

temperature, appears as an important parameter towards CMK-3s corrosion behaviour and 

capacitance. As seen, both the corrosion charge and the capacitance decrease as this time increases, 

this is, in other words, the slower the heating slope, the more resistance to corrosion, but also the 

lower the capacitance of the carbon, maintaining the same charge to capacitance ratio. 

Notice that the pristine mesoporous carbon, CMK-3-R2, which presents an intermediate the 

highest value of capacitance (61 C g-1), is found in the region 10-20 C F-1. Vulcan is, on the other 

hand, the carbon material with the highest corrosion charge (> 100 C g-1) taking into account its low 

capacitance, (< 5 C g-1). All the graphitised CMK-3s are found in the region < 10 C F-1, as indicated 

in Figure 2, highlighting that the graphitisation treatment of CMK-3s represents a good opportunity 



to tune corrosion characteristics without significant loss of the advantages coming from their peculiar 

porous structure. 

 

3.2. Characterization of carbon materials and electrocatalysts 

CMK-3-R8-1500-10 was chosen to be tested as an electrocatalysts’ support for fuel cells, 

since it presented the best balance with a low corrosion rate and high electrochemical capacitance 

(7.6 C F-1). For comparison, its counterpart CMK-3-R2-1500-10 and Vulcan were also used. The 

textural properties of the carbon supports are reported in Table 3. The first observation is the decrease 

of the specific surface area and the pore volume with the thermal treatment. Whereas CMK-3-R2 

presents a high specific surface area of 893 m2 g-1 and a pore volume of 0.60 cm3 g-1, CMK-3-R2-

1500-10 has a specific surface area of 590 m2 g-1 and a pore volume of 0.43 cm3 g-1. The same trend 

is observed for CMK-3-R8 and CMK-3-R8-1500-10. On the other hand, Vulcan XC-72R has a 

specific surface area of 218 m2 g-1 and a pore volume of 0.41 cm3 g-1.  

Table 3 also summarizes the electrical conductivity values for the different carbon supports. 

It can be observed that the thermal treatment increases the conductivity by an order of three, from ~ 

0.01 S cm-1 for CMK-3-R2 and CMK-3-R8 to 11 and 23 S cm-1 for CMK-3-R2-1500-10 and CMK-

3-R8-1500-10, respectively. Vulcan has a very high electrical conductivity (59 S cm-1), which is one 

of the reasons because this material is used as commercial catalyst support for this application. 

 

Table 3. Macroscopic and mesoscopic properties of the different carbon supports. The untreated 

CMK-3-R2 and CMK-3-R8 have been included for comparison. 

Sample 

ABET 

m2 g-1 

Vtotal 

cm3 g-1 

AMeso 

m2 g-1 

VMeso 

cm3 g-1 

Electrical conductivity  

S cm-1 

CMK-3-R2 893 0.60 540 0.42 ~ 0.01 

CMK-3-R2-1500-10 590 0.43 42 0.10 11 



CMK-3-R8 627 0.49 578 0.38 ~ 0.01 

CMK-3-R8-1500-10 282 0.27 25 0.06 23 

Vulcan 218 0.41 153 0.38 59 

 

Characteristic X-ray diffractograms obtained for the carbon materials and the Pd particles on 

the various carbon supports are illustrated in Figure 3. Figure 3a displays the XRD patterns of carbon 

materials and Vulcan. A peak around 2θ = 24.85º corresponding to the (002) reflection characteristic 

of graphite, can be observed, confirming that Vulcan has an intermediate structure between 

amorphous and graphitic, called turbostratic structure. CMK-3-R2-1500-10 and CMK-3-R8-1500-10 

materials also show the (002) reflection in their XRD patterns, however, it appears broader and shifted 

to lower angles (24.6º), indicative of their more amorphous character. Figure 3b shows the diffraction 

patterns obtained for the Pd catalysts prepared. Signals observed at 39.4º, 45.6º, 67.41º and 81.31º 

can be associated with the (111), (200), (220) and (311) Pd planes, respectively.  

Figure 3c shows the Raman spectra for the selected carbon supports. The typical disordered 

(D) and graphitic (G) bands were obtained for the CMK-3s, characterized by different TEOS/P123 

ratios but the same graphitisation treatment. The main difference is observed to be the relative 

intensities between them, named ID/IG, being slightly higher for the R2 carbon material (1.43). A 

lower intensity ratio for the R8 carbon (1.16) indicates a higher ordering degree. The latter CMK-3 

presented a lower corrosion-related charge of 107 C g-1 (see Table 2) when compared to the R2 (244 

C g-1) but also a lower initial capacitance (14 vs. 26.9 F g-1). Normalizing the corrosion charge by the 

specific capacitance, the R8 carbon shows a slightly lower specific corrosion rate (7.6 C F-1) 

compared to the R2 (9.1 C F-1), which points to the positive contribution of the CMK-3 graphitisation 

level on lowering the corrosion rate. 



 

 

Figure 3. XRD patterns for the carbon materials used as supports (a) and for the Pd catalysts prepared 

(b). Raman spectra for the carbon materials used as supports (c). 

 

The average Pd crystallite size (d) was calculated by the Scherrer equation using the (220) 

peak from XRD (Figure 3b) and the values are summarized in Table 4. As can be seen, similar particle 

size was obtained when the different graphitised CKM-3 were used as support. Assuming that Pd 

particles are spherical, the surface area (SA) can be calculated by the equation SA (m2 g-1) = 6·103/ρd, 
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where d is the mean metal crystallite size in nm, and ρ is the density of Pd (11.9 g cm-3). The largest 

SA corresponds to Pd/CMK-3-R2-1500-10 and Pd/Vulcan due to their smaller crystallite size. For 

this reason, it would be expected that the highest activity towards formic acid oxidation would be 

achieved by these materials due to the more available surface area. However, the SA is not the only 

parameter influencing the activity of the catalysts, and as we should demonstrate later, this is not the 

case. 

 

Table 4. Average crystallite sizes (d) of the Pd nanoparticles as estimated from XRD analysis, metal 

surface areas and electrochemical active areas (ECSA). 

Catalyst 
d  

nm 

SA 

m2 g-1 

ECSA 

cm2 

Pd/CMK-3-R2-1500-10 5.0 101 8.0 

Pd/CMK-3-R8-1500-10 6.0 84 6.0 

Pd/Vulcan 5.0 101 9.8 

 

The voltammetric features associated with CO stripping at Pd/CMK-3-R2-1500-10, Pd/CMK-

3-R8-1500-10 and Pd/Vulcan electrocatalysts are contrasted in Figure 4. The hydrogen adsorption 

region appears blocked in the initial forward scan due to adsorbed CO at the Pd surface. The 

disappearance of the CO stripping peak on subsequent scans, and the reappearance of hydrogen peaks 

at more negative potentials, indicate complete removal of CO in the first scan. The key feature in 

Figure 4 is the CO stripping peak located at ~0.90 V in the Pd/Vulcan and Pd/CMK-3-R8-1500-10 

catalysts. For Pd/CMK-3-R2-1500-10 this peak is shifted 50 mV to more positive potentials, 

indicating the lowest catalytic activity. Values of the electrochemical active areas are reported in 

Table 4. 



 

Figure 4. CVs for the oxidation of a monolayer of CO adsorbed at 0.2 V vs. RHE on the Pd 

electrocatalysts supported on the different carbon materials at a scan rate of 0.02 V s-1. The currents 

have been normalized by the electrochemical active surface area determined from the CO-stripping. 

 

Formic acid oxidation was studied using cyclic voltammetry and chronoamperometry. Cyclic 

voltammograms were recorded in 2 M HCOOH + 0.5 M H2SO4, at a scan rate of 0.02 V s-1. Cyclic 

voltammograms showing the oxidation of formic acid at Pd/Vulcan and Pd/CMK-3-R2-1500-10 and 

Pd/CMK-3-R8-1500-10 are contrasted in Figure 5. All three catalysts presented a broad peak on the 

forward scan and a drop in current as Pd oxide is formed, inhibiting further formic acid oxidation. On 

the backward scan, once the Pd surface is recuperated, formic acid is once again oxidized. Similar 

current densities were obtained on the forward and backward scans, indicating a high tolerance 

towards electrode poisoning [46]. Somewhat lower currents were obtained on Pd/Vulcan and 

Pd/CMK-3-R2-1500-10 than on Pd/CMK-3-R8-1500-10 electrocatalysts. 



 

Figure 5. Cyclic voltammograms of the different Pd electrocatalysts in presence of 2 M HCOOH + 

0.5 M H2SO4, at 0.02 V s-1. The currents have been normalized by the electrochemical active surface 

area determined from the CO-stripping. 

 

Potentiostatic current density - time (j-t) curves were recorded in the same solution, at 0.60 V, 

for 900 s. Chronoamperometric transients at 0.6 V are compared in Figure 6. All the 

chronoamperograms are characterized by a decrease of the current with time, associated with the 

deactivation of the electrocatalysts. The deactivation rate appears similar for Pd/Vulcan and Pd/CMK-

3-R2-1500-10 catalysts. However, it seems rather slower for Pd/CMK-3-R8-1500-10. It should be 

noticed that the relative changes in the current densities from the chronoamperograms are consistent 

with the cyclic voltammograms (Figure 5). From this analysis, it emerged that the most active catalyst 

is Pd/CMK-3-R8-1500-10, probably due to its high electrical conductivity and highly ordered 

structure. 



 

Figure 6. Current-time curves for formic acid oxidation in 2 M HCOOH + 0.5 M H2SO4 on the Pd 

electrocatalysts supported on different carbon materials at 0.6 V vs. RHE and room temperature. The 

currents showed have been normalized by the electrochemical active surface area determined from 

the CO-stripping. 

 

4. Conclusions 

Ordered mesoporous carbon materials (CMK-3s) have been prepared and thermally treated at 

temperatures in the interval 1500-2000 ºC. Such a graphitisation treatment has been shown to be 

effective to reduce the electrochemical corrosion rate. In comparison to a widely used carbon black 

(Vulcan), even lower carbon oxidation rates can be achieved by an appropriate selection of the 

graphitisation conditions. Moreover, the corrosion of carbon is strongly correlated to the thermal 

treatment conditions, allowing to attain mesoporous carbon materials which showed to be more 

resistant to corrosion phenomena. 

Pd nanoparticles have been deposited on the most promising CMK-3s and on the commercial carbon 

black for comparison purposes. The catalysts showed an appropriate crystallite size of about 5 nm. 

Their electrocatalytic activity towards CO and HCOOH oxidation has been investigated by cyclic 



voltammetry and chronoamperometry in acidic medium. The highest electrocatalytic activity was 

found for the Pd catalyst supported on the graphitized CMK. 
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