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Introduction

The Proton Exchange Membrane Fuel Cell (PEMFC) is a device capable of delivering electricity through the oxidation of hydrogen and reduction of oxygen, with only H2O and heat as by-products. When combined with zero-emission green hydrogen, this type of device represents a sustainable way of producing electricity. However, the slow kinetics of the reactions involved lead to the necessary use of a catalytic layer. In this type of layer, catalyst nanoparticles are supported on a carbon structure, typically carbon blacks, and are covered by a proton-conducting ionomer.
Carbon xerogels (CX) are support materials that could serve as cost-effective substitutes to carbon blacks used in PEMFC. Carbon gels are amorphous materials made of covalently-bonded carbon nodules. Unlike carbon blacks, the size of the nodules is controllable by selecting the appropriate values of reaction variables, enabling a good adjustment of the carbon pore texture [1]. However, carbon xerogels do suffer from the same issue as carbon blacks, namely a relatively poor resistance to corrosion, both carbons being very disordered at their surface.
Nevertheless, recent researches show that both performance and durability could be improved by adjusting the carbon surface properties. As an example, the surface of carbon xerogels can be covered by a graphitic carbon layer through chemical vapor deposition (CVD) [2], which should provide better resistance to corrosion. In a second step, this surface could be doped with nitrogen, which in turn increases the interaction forces between the catalytic metal (Pt) nanoparticles and the support, producing long-lasting active layers.
Regarding the choice of catalyst, Pt and Pt-M (M being a transition metal) catalyst nanoparticles can be deposited onto these modified carbon xerogels. To do so, an impregnation method using formic acid reduction was used [3]. Our research thus turns toward the combination of those various approaches to obtain catalysts with high reactivity and long lifetime.

Methodology 
Carbon xerogel are used as a carbon support material. Their synthesis entails the drying and pyrolysis of a resorcinol-formaldehyde gel in presence of sodium carbonate (Na2CO3), a pH regulator. The pore size of the xerogel can be tailored via the resorcinol/formaldehyde ratio, R/F, the resorcinol/sodium carbonate ratio, R/C, as well as the dilution ratio, D (solvent/(resorcinol + formaldehyde)). These ratios were taken accordingly to have a material with proper porosity for an application in PEMFC.
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To perform the xerogel synthesis, the mixture was put in a flask that was sealed and placed in an oven at 85 ºC to ensure gelling and ageing of the xerogel. The drying of the material was then performed under vacuum at 60 ºC : the flask was opened and the pressure was decreased at 20 mPa. The obtained organic xerogel was then crushed with a planetary mill and sieved so as to obtain a fine powder. It was subsequently pyrolyzed into carbon xerogel via a thermal treatment at 800 ºC under N2 flow.
A chemical vapor deposition treatment was performed at 670 ºC in a stainless-steel tubular oven, in presence of ethylene, so as to cover the carbon xerogel surface with a graphite-like layer [2]. Ethylene was flowed inside the oven for different durations, ranging from 5 to 30 min.
The synthesis of Pt/CX catalysts was then performed through the reduction of a platinum salt precursor on the carbon xerogel surface with formic acid [3]. Briefly, carbon xerogel was mixed with a solution of formic acid 2 M. The suspension was then heated and a solution of H2PtCl6.6H2O was added dropwise to the suspension. The mixture was then stirred for 1 h, filtered and washed with ultrapure water. Finally, the obtained Pt/CX was dried at 50 ºC in an oven under air overnight.
A comprehensive assessment of the catalyst performances and durability before and after surface modification of the support was subsequently performed on rotating disk electrode (RDE) in H2SO4 0.5 M. To this end, cyclic voltammetries under argon, oxygen and CO atmospheres have been performed. Moreover, accelerated stress tests (AST) were performed both on the Pt/CX catalyst and a commercial catalyst reference (Vulcan® XC 72 carbon black). The procedure consisted in (1) measuring the initial performances (beginning of life, BoL), (2) measuring the performances after 5,000 AST cycles between 0.6 and 1.0 V vs. RHE (middle of life, MoL), and (3) measuring the performances after 20,000 AST cycles between 0.6 and 1.0 V vs. RHE (end of life, EoL).

Discussion 
The textural properties of the carbon xerogel before and after CVD treatment were assessed using nitrogen adsorption, mercury porosimetry and helium pycnometry. Procedures can be found elsewhere [4]. The carbon xerogel used in this work has a median pore size of 53 nm, a bulk density of 1.27 g.cm-3 and a skeletal density of 1.93 g.cm-3. The BET surface area initially stands at 670 m².g-1 for the pristine carbon xerogel and then decreases down to 120 m².g-1 after 30 min of CVD treatment. N2 isotherms show that CVD treatment results in the covering of the micropores with the deposition of a carbon layer (Figure 1), as expected [2]. Nevertheless, the size of the meso/macropores is not affected by that carbon layer.
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Figure 1: Nitrogen adsorption isotherms on carbon-coated xerogels with different CVD duration.

The platinum nanoparticles deposited onto the carbon support range from 2 to 6 nm in diameter, as shown on TEM micrographs (Figure 2). Nanoparticles deposited onto the CVD-treated carbon xerogel tend to be bigger with a higher standard deviation. As a consequence, the arithmetic average nanoparticle size goes from 3.7 to 4.7 nm on non-CVD and CVD-treated carbon xerogels, respectively. However, both particle sizes remain in the requested range for PEMFC applications [5].
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Figure 2: TEM photographs of Pt/CX (a) without and (b) with CVD treatment performed prior to catalyst deposition and (c) the Pt particle size distribution histogram.

Key parameters such as the Surface Activity (SA) and Mass Activity (MA) of the catalyst or the ElectroChemically active Surface Area (ECSA) of platinum were determined through cyclic voltammetry curves. These measurements were used to compare the catalytic activity to those of commercial platinum deposited on carbon black.

Cyclic voltammetry curves measured under argon atmosphere display a lower capacitive current between 0.3 and 0.7 V vs. RHE after CVD treatment, due to lower microporous surface area. This feature can also be observed on CO stripping curves (Figure 3a). CO stripping curves display a shift of the Pt oxidation peak around 0.8 V vs. RHE to a lower voltage. This reflects the increase of particle size as already observed on TEM micrographs.

The ECSA was found to slightly decrease from 129 m².gPt-1 on CX with no CVD treatment to 98 m².gPt-1 on CVD-treated CX. This remains an appropriate value for final application in PEMFC, as the ECSA for commercial catalyst was measured at 63 m².gPt-1. No major discrepancies were observed for ORR curves between untreated and CVD-treated CX (Figure 3b). Furthermore, the SA and MA show promising values as they increase from 0.114 A.mPt-2 to 0.165 A.mPt-2 for SA and from 13.6 A.gPt-1 to 15.8 A.gPt-1 for MA on CVD-treated CX. Previous studies [3] indicated the same range of values for Pt/CX with no CVD treatment with 0.109 A.mPt-2 and 7.2 A.gPt-1 for SA and MA respectively and 110 m².gPt-1 for the ECSA. 
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Figure 3: Cyclic voltammograms measured in 0.5M H2SO4 (a) CO stripping at a sweep rate of 20 mV.s-1. (b) under oxygen atmosphere at a sweep rate of 1 mV.s-1 and an electrode rotation of 1600 rpm

Measurements before and after AST show that the ECSA decreases from 129 to 65 m².gPt-1 for Pt/CX catalyst with 50.4 % of the initial ECSA being retained (Figure 4a). Meanwhile for the commercial catalyst, the ECSA goes from 62 to 31 m².gPt-1, with 50 % of ECSA remaining. This indeed shows that both catalysts do suffer the same ageing issues. SA and MA activities were also determined (Figure 4b) and results indicate that the particle size increase is somewhat compensated by the appearance of larger Pt crystalline facets that are more active than the edges or corners.
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Figure 4: Evolution during Accelerated Stress Tests of (a) the Normalized ElectroChemically active Surface Area of platinum and (b) the catalyst mass activity at 0.95 V vs. RHE.

Conclusions 
Carbon xerogels were synthesized via a sol-gel reaction followed by drying and pyrolysis. The carbon material obtained was used as a support for Pt nanoparticles in PEMFC but it still remains flawed with regards to durability given its disordered surface structure. To mitigate those issues, the carbon xerogel was coated with a graphitized carbon layer through Chemical Vapor Deposition (ethylene cracking) so as to obtain a more resilient surface.
Both uncovered and covered materials, onto which Pt nanoparticles were deposited, had their catalytic performances tested via a rotating disk electrode. No performances losses were observed. The Pt/CX catalysts were also submitted to Accelerated Stress Tests (AST) in RDE configuration to assess their resistance to degradation and corrosion 
In the next step, the catalyst layers will be doped with nitrogen and tested in RDE setup. Eventually, the most promising catalysts will be assembled in Membrane-Electrode Assembly (MEA) to test their performance in a more realistic electrochemical setup.
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Evolution of the ECSA

Reference	BoL	MoL	EoL	1	0.62843295638126007	0.50242326332794829	20Pt/CX	BoL	MoL	EoL	1	0.5738724727838258	0.50575427682737162	20Pt/CX-CVD	BoL	MoL	EoL	1	0.68089764641488781	0.55610290093048709	
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Evolution of the mass activity

Reference	BoL	MoL	EoL	3.1840579333611014	1.8350228615949582	1.6087871663298234	20Pt/CX	BoL	MoL	EoL	2.65860076446558	3.1586510649920401	2.63359824943928	20Pt/CX-CVD	BoL	MoL	EoL	2.8354076946925648	2.8331680361659535	2.8488456458522435	
Mass activity (A/g)
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Figure 2: TEM photographs of Pt/CX (a) without and (b) with CVD treatment performed prior to catalyst deposition
and (c) the Pt particle size distribution histogram.
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