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1 | INTRODUCTION

in water management and mass transport to enhance
their performance at high current density.”°

Cathodes of proton-exchange membrane fuel cells
(PEMFC), where the oxygen reduction reaction (ORR)
takes place, face many challenges to meet activity, dur-
ability and cost requirements: the reduction of noble
metal loading while keeping high electroactivity,” the
mitigation of catalyst and support degradation to en-
hance the lifetime of the devices®* and the improvement

Carbon blacks (CB) are low-cost supports con-
ventionally used in PEMFC cathodes. These materials,
produced by pyrolysis or incomplete combustion of hy-
drocarbons, present a turbostratic structure in which the
graphene layers are stacked into randomly oriented
crystallites’ and possess high electrical conductivity,
porosity and surface area.” In start-stop conditions of a
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fuel cell, fuel starvation may occur and the local potential
of the cathode increases beyond the operation potential,
carbon experiences electrochemical corrosion, thermo-
dynamically possible in the presence of water above
0.207 V/RHE, according to the following reaction:

C + 2H,0 —» CO, + 4H* + 4e— E° =0.207V. (1)

Carbon can also be oxidised to carbon monoxide (CO)
(2) and further to CO, in the presence of water (3)%

C + 2H,0 — CO + 2H* + 2e~ E°=0.518V, (2)

E% = —0.103V.
(3)

On the one hand, this support degradation can lead to
the detachment of the anchored Pt nanoparticles and their
agglomeration into large clusters, and therefore to their
inactivation with the interruption of the triple-phase
boundary, loss of electroactive surface area and decrease
of the fuel cell performance.”’ On the other hand, carbon
corrosion can increase the resistance of gas mass transfer,
by modifying the properties of the carbon surface (e.g., re-
ducing its hydrophobicity)'' and breaking down the contact
in between primary carbon agglomerates, which reduces
the tortuosity of the catalyst layer.'” Furthermore, the in-
termediate products of oxidation (e.g., CO; reaction 2) may
adsorb on the surface of metal catalyst particles and poison
the catalytic sites with a subsequent loss of ORR activity.

Several approaches have been implemented to enhance
the corrosion resistance of carbon-based supports including
the use of more graphitic carbons®'*'* and their coverage
or replacement with stable transition metal oxides or
carbides."” " The modification of carbon surface properties
is another strategy that can also affect mass transfer and
water management at high load. The surface of CB gen-
erally presents dangling oxygen groups (e.g., hydroxyl,
carbonyl and carboxyl groups)’ that play a role in the dis-
persion and stability of supported metal nanocatalysts.
Modification of the hydrophilic/hydrophobic properties of
CB, for instance, by oxidation”””" or doping with heteroa-
toms such as nitrogen”* or fluorine,” was also demon-
strated to improve durability and gas transport properties.
The surface functionalisation of carbon supports has been
demonstrated to affect the ionomer coverage in the catalyst
layer as well as its performance and durability in the fuel
cell.”* Therefore, an increasing interest and need is emer-
ging to correlate surface and structure properties of carbon
supports with the performance and stability to corrosion of
the corresponding PEMFC cathodes.*”

In this study, carbons with a similar surface area but
different surface chemistries were used as supports for the
deposition of Pt nanoparticles synthesised by the microwave-
assisted polyol-mediated method.””*’ Morphological, struc-
tural, textural and surface chemical properties of the carbon

CO + H,0 - CO, + 2H" + 2e~

support and the corresponding electrocatalysts were in-
vestigated. Electrochemical characterisation was performed
on the catalysed CB in a rotating disc electrode (RDE) as well
as in a single fuel cell, highlighting the correlation between
the surface characteristics of the different supports and the
activity and durability of the corresponding cathodes. These
outcomes contribute to understanding the role of electro-
catalyst supports in the catalyst layer structure of PEMFC.

2 | EXPERIMENTAL SECTION

2.1 | Preparation of carbon supports

Six experimental carbons resulting from different production
processes and posttreatments were developed by Imerys
Graphite & Carbon Switzerland Ltd. The different treat-
ments led to carbons with a nominally similar surface area
(Sger) of 400 + 50 mz-g_1 but with different proportions of
micropores and mesopores and different surface chemistry
characteristics. The carbons were labelled CB1, CB2, CB3,
CB4, CB5 and CB6. These carbons were used as support
materials for platinum nanoparticles, to give a series of
Pt/CB catalysts with a nominal Pt loading of 60 wt%.

2.2 | Preparation of Pt/C catalysts by a
microwave-assisted polyol-mediated
procedure

For 1-g scale preparation, 2.457 g of hexachloroplatinic acid
(99.9 wt%; Alfa Aesar) was dissolved in 2 L of ethylene glycol
(EG; 99.8 wt%; Sigma-Aldrich) and saturated with N, for
15 min. Then, the pH was adjusted to 11.4 using 1 M NaOH
solution in EG (98 wt%; Sigma-Aldrich). The resulting solu-
tion was flowed steadily at a rate of 12.5 mL-min~" by means
of a peristaltic pump (Watson-Marlow 520DuN IPt/CB66/
NEMA 4X) and subjected to 160 W for 4 min in the micro-
wave reactor (MiniFlow 220SS Sairem). The solution was
then collected and cooled to prevent any further
reaction.””””** The resulting Pt nanoparticle suspension was
acidified to a pH value of 4 by the addition of 1.0M EG
solution of sulphuric acid (H,SO,4, 96 wt%; Carlo Erba), and
then the carbon support (615 mg) was added. The choice of
pH value of 4 was based on the results of zeta potential
measurements (Figure S1), where the pH at which the
charges are opposite and highest is expected to favour
nanoparticle (NP)-support interaction. The suspension was
ultrasonicated (VWR Ultrasonic Cleaner) for 30 min and
stirred for 48 h to allow the Pt nanoparticles to adsorb on
the carbon surface. The respective Pt/C samples were
then separated by filtration, washed with milli-Q water,
ethanol/water mixture and water and dried at 80°C in air
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for 24 h. All samples were subjected to a thermal posttreat-
ment at 160°C for 1 h to remove any traces of EG from the
Pt surface."” To prepare larger amounts of Pt/CB samples
(up to 10 g), the microwave-assisted polyol-mediated synth-
esis was adapted to a continuous flow system.

The Pt/C catalysts are denoted as Pt/CB1, Pt/CB2,
Pt/CB3, Pt/CB4, Pt/CB5 and Pt/CB6, corresponding to
the use of CB1, CB2, CB3, CB4, CB5 and CB6, respec-
tively, as carbon support. HISPEC® 9100 (56.81 wt% Pt;
Johnson Matthey) was used as a reference catalyst.

2.3 | Carbon support characterisation
2.3.1 | Surface area and pore size
distribution

The apparent specific surface area (Spgr) of selected
catalyst samples was determined by N, physisorption
measurements at —196°C. The samples were evacuated
at 120°C for 12 h before the measurements. Adsorption
isotherms were then obtained by the use of a Micro-
meritics ASAP 2010M instrument. The Sggr value was
calculated on the basis of the Brunauer-Emmett-Teller
(BET) model adapted to describe micropore-containing
solids as a rational approximation and by taking
0.162nm? as a cross-sectional area for one adsorbed N,
molecule. The pore size distribution was calculated from
the adsorption branch of the adsorption-desorption iso-
therms by the Barrett-Joyner-Halenda (BJH) formula,
and the microporosity was determined using the ¢ plot
method. Mercury intrusion porosimetry measurements
were made using an AutoPore IV 9500 Micromeritics
instrument.

2.3.2 | Raman spectroscopy

Raman spectra of the carbon samples CB1-CB6 were re-
corded using a Horiba Jobin Yvon equipped with a blue
laser diode (A = 473 nm) and a scan surface of 100 um?>. The
ratio between the G- and D-peak intensities, respectively, at
ca. 1580 and 1350 cm ™", was used to estimate the in-plane
crystallite size (L,).”” Analysis of the G-peak position and
full width at half maximum (FWHM) also provided in-
formation on the degree of crystallinity of the series of
carbons.

2.3.3 | Dynamic vapour sorption

Dynamic gravimetric water vapour sorption measure-
ments were performed at 22°C on the carbon samples

CARBON ENERGY-WI LEy—L2

CB1-CB6 at relative humidities (RH) between 2% and
93% to determine their gravimetric water uptake/loss
during adsorption and desorption. Samples were dried at
90°C under vacuum before the adsorption measurement.
A high-resolution microbalance (ug) was used to de-
termine weight changes, and the equilibration time was
1 h for each data point.

2.3.4 | [Instrumental gas analysis (IGA) of
oxygen content

The oxygen content of the carbons was determined with IGA
by heating the samples in a graphite crucible at 2000°C and
analysing the gases released by gas chromatography.

2.3.5 | Zeta potential measurements

Zeta potential measurements of carbon supports and Pt
NPs were carried out to determine the optimal pH con-
ditions to adsorb Pt on carbon surfaces. In a typical
procedure, 1 mg of each material was dispersed in 10 mL
of MilliQ water and sonicated for at least 10 min. The
zeta potential of the resulting suspension was monitored
as a function of pH (modified by adding drops of HNO;
or NaOH solutions; Sigma-Aldrich), ranging from 2 to 8,
using a Malvern Zetasizer 3000 device.

2.3.6 | Determination of surface polar sites,
hydrophobic and aromatic character

Surface characteristics of the carbon materials were
analysed by nondestructive liquid-flow calorimetry using
a Mark IV Microscale Flow Microcalorimeter, in which
enthalpy changes due to the competitive adsorption of
probe molecules from either water or n-heptane at 293 K
were determined. In each case, a carbon sample was
placed in the flow cell, and the cell was evacuated to
0.1 mmHg and wetted with solvent (water or n-heptane),
which was subsequently percolated through the sample at
a rate of 42mL-h™". Once thermal equilibrium was
attained (<60 min), the flow of the solvent was exchanged
for that of the appropriate solution: 2 g-L™" solution of
n-butanol in n-heptane, 10 g-L_1 solution of n-butanol in
water and 2 g-L " solution of n-dotriacontane in n-heptane
to quantify the hydrophilic, hydrophobic and aromatic
character, respectively.’””" The displacement of the
solvent by the adsorbing solute molecules alters the ther-
mal equilibrium and induces a thermal effect, which is
recorded by the thermistors as a thermal peak, where the
area under the peak is proportional to the total
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heat evolved. A calibration coil in the cell allowed the
correlation between the fixed energy supplied and
the integrated value to be established. The enthalpy
change measured in a given displacement experiment re-
presents the integral enthalpy of adsorption from solution
per unit mass of adsorbent, namely A,4sHpw and A,qsHpy
which are the enthalpies of butanol adsorption from its
solutions, respectively, in water and n-heptane, whereas
A.4sHpy is the enthalpy of n-dotriacontane adsorption
from its solution in n-heptane.

2.4 | Pt/carbon catalyst characterisation

24.1 | Determination of Pt loading

The amount of Pt deposited on the carbon supports
was determined by X-ray fluorescence (XRF). Pt/C
samples (30 mg) were ground with 100 mg of boric
acid. The Pt/C-H3;BO; powder was pressed in a 13-mm
die to obtain a pellet with a scanned surface diameter
of ca. 12mm. The same procedure was followed to
prepare three standards using 50, 60 and 70 wt% of Pt
black (Alfa Aesar) and CB to obtain a calibration line.
The XRF analyses were performed with a PANalytical
Axios Max spectrometer fitted with an Rh (4 kW) tube
and equipped with a LiF200 crystal and Omnian
software.

2.4.2 | Determination of Pt particle size

The morphology and distribution of the Pt particles on
carbons were analysed by transmission electron micro-
scopy (TEM) using a JEOL 1200 EXII microscope oper-
ating at 120kV and equipped with a CCD camera SIS
Olympus Quemesa (11 million pixels). The samples were
suspended in ethanol and sonicated before deposition
on carbon-coated copper grids. The particle size dis-
tribution and mean diameter (number average) of the
Pt NPs were obtained by counting and measuring 200
particles using the ImageJ software.

Powder X-ray diffraction (XRD) patterns were re-
corded at room temperature in Bragg-Brentano config-
uration using a PANalytical X'pert diffractometer,
equipped with a hybrid monochromator, operating with
CuK, radiation (1 = 1.541 A), and using a step size of 0.1°
26 within the 26 domain from 20° to 80°. The diffraction
patterns were analysed by the Fityk program using the
Pseudo-Voigt fitting method. The Pt nanocrystallite size
was calculated from the Scherrer formula using the
Pt(111) diffraction line, measuring the FWHM parameter
by a graphical method.

2.5 | Electrochemical characterisation
of carbon supports and Pt/C catalysts

A conventional three-electrode cell consisting of a glassy
carbon RDE was used to characterise carbon supports
and Pt/C catalysts. The cell was equipped with a glassy
carbon working electrode of geometric area 0.196 cm?, a
reversible hydrogen electrode (RHE; reference electrode)
and a platinum wire (counter electrode). A Pine bipo-
tentiostat model AFCBP1 was used. All the potential
values are referred to the RHE, and the current densities
are reported as current per geometric electrode area.

For the measurement of carbon support corrosion,
inks were prepared by dispersing 10 mg of carbon in
35 uL of milli-Q water, 100 uL of 5wt% Nafion® solution
in alcohols (Sigma-Aldrich) and 1.3mL of ethanol
(Sigma-Aldrich) by ultrasonication (VWR Ultrasonic
Cleaner). Also, 8 uL of the resulting suspensions were
deposited on the working electrode surface with a mi-
cropipette. The carbon supports were submitted to a
potentiostatic accelerated stress test (AST) consisting of
chronoamperometry measurements in 0.5M H,SO, at
80°C, with the working electrode potential hold at 1.4V
versus RHE for 2 h.

Catalyst ink for the electrochemical characterisa-
tion of the Pt/C samples was prepared by dispersing
5mg of Pt/C (or the HiSPEC 9100 reference) in 1 mL
milli-Q water, 4 mL of 2-propanol (Sigma-Aldrich) and
35uL of 5wt% Nafion® solution in alcohols (Sigma-
Aldrich). The catalyst inks were sonicated (VWR
Ultrasonic Cleaner) for 15 min. Aliquots of 7 uL of the
inks were then deposited on the RDE surface with a
micropipette and dried in air. The Pt loading in each
case was 21.3 ug-cm~ 2. Cyclic voltammetry (CV) was
performed in N,-saturated 0.1 M HCIO, at 20°C. The
sample surfaces were cleaned by performing 100 vol-
tage cycles between 0.025 and 1.2V versus RHE at a
rate of 500mV-s™' in N,-saturated electrolyte, after
which the electrochemically active specific surface
area (ECSA) of the platinum was determined from
voltammograms recorded in the same potential range
at a scan rate of 20 mV-s~' in N,-saturated electrolyte.
The hydrogen desorption peaks in the range 0.05-0.4 V
versus RHE were used to determine the ECSA after
double-layer correction, assuming a monolayer hy-
drogen adsorption charge of 210 uC-cm™ on the Pt
surface. The electrocatalytic activity toward the ORR
was evaluated from voltammograms recorded using
linear sweep voltammetry at 1600 rpm in O,-saturated
0.1M HCIO,. The potential was varied from 0.01 to
1.2V versus RHE at a scan rate of 20 mV-s™!, and the
ORR activity was evaluated at 0.90 and 0.95V versus
RHE. These measurements were later background- and
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IR-corrected. Specific activity (i) and mass activity
(ix, mass) Were obtained by division of I, by the ECSA
and the mass of Pt in the electrode (mp,), respectively.

Each Pt/C electrocatalyst was subjected to two AST
procedures.’” The first, designed to evaluate the stability
of the platinum nanoparticles, involved 10,000 potential
cycles between 0.6 and 1.0 V/RHE at room temperature
and a scan rate of 500 mV-s~'. The second AST, which
was carried out on a second sampling of each Pt/C ma-
terial, targeted acceleration of the carbon support corro-
sion. It consisted of 6000 electrochemical cycles at room
temperature and a scan rate of 100 mV-s~" between 1.0
and 1.6 V/RHE, where carbon corrosion can be severe. In
both ASTs, voltammograms were recorded as described
above, before the first measurement (beginning of the
test [BoT]), then every 100 cycles and at the end of the
test (EoT), to determine the evolution of ECSA, iy and

Ik, mass-

2.6 | Preparation of
membrane-electrode assemblies (MEASs)
with Pt/CB cathodes and single-cell
characterisation

Here, 25-cm® MEAs were prepared by catalyst-coated
membrane method with 0.1 mgPt-cm™? anode, 0.3 mg
Pt-cm™? cathode based on Pt/CB, SGL grade 28 BC gas
diffusion layers and a 15-um Fumasep FS-720 mem-
brane. The MEA was incorporated into the fuel cell fix-
ture using fluorinated ethylene propylene gaskets at
10%-15% compression. The prepared MEAs were condi-
tioned at 0.4 A-cm™? overnight at 100% RH and 80°C.
Polarisation curves were recorded on H,/air (stoichio-
metry 1.5/1.8) in dry (40% RH, 1.5 bar absolute pressure,
80°C) and wet (100% RH, 2.5/2.3 bar absolute pressure,
80°C) conditions.

TABLE 1 Apparent surface area and
pore size properties of carbon materials

analysed by N, physisorption and Carbon ‘(S::EZT.g‘l)
mercury intrusion porosimetry support (BET)

CB1 384

CB2 385

CB3 452

CB4 371

CB5 379

CB6 349

CARBON ENERGY-WI LEy—L*

3 | RESULTS AND DISCUSSION

3.1 | Textural properties of CB

The values of the apparent BET surface area of the CB
have been collected in Table 1. These results indicate that
the apparent specific surface areas lie in the range of
350-450 m*-g~'. Analysis of the adsorption branch of the
isotherms with the BJH formula and ¢ plot calculations
provided consistent results for each of the carbons, with
the sum of the micropore and mesopore percentage ap-
proximating 100% in each case. All the carbon materials
exhibit pronounced mesoporosity varying from 70% to
100% of the total BET surface area. The two carbon
samples having the highest and lowest surface areas, CB3
the highest and CB6 the lowest, are both essentially de-
void of micropores. The proportion of micropores
(0%-20%) is low, which is highest for CB5. The total
accessible volume was also analysed by mercury por-
osimetry. The measurements indicated that CB6 pos-
sessed a much larger total volume intruded than the
other carbon supports, whereas CB5 had the least total
accessible volume.

3.2 |
on CB

Flow calorimetry measurements

The surface hydrophilic-lipophilic balance and the
aromatic character of the six catalyst supports were
evaluated by means of liquid-flow calorimetry. The
principle of the method is based on the competitive ad-
sorption of molecular probes that can interact specifically
with different parts of the carbon surface when dissolved
in the corresponding solvent, allowing the excess energy
of such interactions to be quantified. As this excess
energy is considered to be much less sensitive to the

Total volume of

open pores
Micropores (%) Mesopores (ml-g™") (Hg
(t plot) (%) (BJH) intrusion)
13.5 87 6.1

9.1 93 54

1.6 100 5.1
14.5 73 4.3
19.7 76 1.5

7.0 100 8.1

Abbreviations: BET, Brunauer-Emmett-Teller; BJH, Barrett-Joyner-Halenda.
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surface energetic heterogeneity than are the absolute
energy parameters, the average enthalpy of competitive
adsorption measured in a single calorimetric run pro-
vides an estimate of the extent of the carbon surface with
which the probe molecule interacts preferentially in the
presence of a given solvent.

n-Butanol has significant solubility in water, owing to its
amphiphilic molecular structure comprising a short alkyl
chain having four carbon atoms and one terminal hydroxyl
group, and it can interact selectively (more strongly as
compared with water molecules) with different nonpolar
sites on the carbon surface. The concentration of the butanol
solution in water used in the present study (10 g-L™") was
previously optimised to be sufficiently concentrated for the
adsorbed solute molecules to form a monolayer on the car-
bon surface.” On the contrary, it is sufficiently dilute to
preclude any dimerisation of butanol units in the liquid
phase. The Van der Waals radius of butanol is 0.558 nm and
it can, therefore, penetrate into the meso and the larger
micropores. Finally, as the alcohol units enter in competition
with water molecules for nonpolar surface sites, the enthalpy
of butanol adsorption from aqueous solution per unit mass
of the adsorbent is a measure of the hydrophobic surface
area accessible to this adsorbate.

The n-butanol molecules are bipolar according to the
nomenclature introduced by Van Oss et al.** and as such,
they may interact with a polar surface site by both their
(Lewis) acidic and basic functionality. They can thus be used
to titrate the acidic and basic sites of powdered carbonaceous
samples. To avoid the Van der Waals' contribution to the
enthalpy of adsorption, the n-butanol titrant is adsorbed
from a hydrophobic solvent (n-heptane).”’ As the 2gL™"
solution of butanol in n-heptane was previously optimised to
obtain a monomolecular solute adsorption, the area of hy-
drophilic surface of the carbon catalysts accessible to this
alcohol can be estimated on the basis of the enthalpy of
butanol adsorption from n-heptane.

Finally, the graphitic character of the catalyst surface
can be investigated by determining the preferential

adsorption of n-dotriacontane, Cs,Hgg, from a Zg-L_1 SO-
lution in n-heptane. This straight-chain hydrocarbon
containing 32 carbon atoms is capable of adsorbing pre-
ferentially over the solvent on the graphitic basal planes,
being strongly localised on polycondensed aromatic do-
mains. Here, the enthalpy of n-dotriacontane adsorption
from n-heptane per unit mass of carbon is considered as a
measure of the surface area of the extended aromatic
surface.

The results obtained, summarised in Table 2, indicate
that all investigated carbon supports had a predominantly
hydrophobic character. The hydrophilic surface domains
were a very limited fraction of the total area, thereby giving
small enthalpy signals at the limit (or even below, for CB6)
of detection. Their surface hydrophilic-hydrophobic ratios
were generally below 10%, which is similar to those ob-
tained with very hydrophobic activated carbons.”® Two
samples emerged concerning their several times higher
hydrophilic character: CB3 and particularly CB5. CB4 had
the most hydrophobic and CB5 the most hydrophilic sur-
face. The porosity of the samples can also have an im-
portant effect on the surface hydrophilic-lipophilic balance,
as inferred from the competitive adsorption of n-butanol
from water or n-heptane.

Furthermore, most of the carbon surface had an aro-
matic character, as indicated by high A,4sHpy values. As a
result, long n-dotriacontane molecules were capable of
displacing the pre-adsorbed solvent (n-heptane) units and
were retained over extended aromatic domains in an or-
ientation parallel to the surface. The aromatic surface area
of the carbon samples increased in the following order:
CB5 <« CB4 < CB2 < CB1 < CB6 < CB3, where the most
hydrophilic sample (CB5) is also that with the lowest aro-
matic surface. The reason may be that the dispersion of
numerous polar sites over the carbon surface hinders the
hydrophobic attachment of n-dotriacontane molecules to
the underlying aromatic domains. These results provide a
new perspective of the nature of the carbon supports and
the insights are expected to allow a better understanding of

TABLE 2 Hydrophobic, hydrophilic

Hydrophobic Hydrophilic Aromatic .
n h . . h and aromatic character of carbon
character character Hyflrophlhc—hydrophoblc character supports evaluated by flow calorimetry
Carbon  A,asHsw AaasHsn raLe AaasHpm
support  (J-g™") Jeg™ AqasHpn/ AaasHpw-100% J-g™
CB1 42.2 2.4 5.7 56.1
CB2 45.2 2.9 6.4 49.7
CB3 48.6 6.0 12.3 74.3
CB4 54.8 1.6 2.9 47.2
CB5 40.4 9.9 24.5 14.3
CB6 38.6 - - 62.7
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the relationship between surface, electrochemical and
durability characteristics. Complementary experimental
techniques were used to confirm the results obtained.

3.3 | Water vapour adsorption and IGA
Dynamic water vapour sorption analysis was performed on
the six carbon supports recording the change in their
weight in an environment of controlled RH. The results
obtained at low (40%) and high RH (80%) (Table 3) showed
the same trend and indicated that, to a first approximation,
CB1-CB4 carbons have a similar weight increase; however,
CB6 took up notably less water and CBS5 significantly more.
These trends are fully consistent not only with the hydro-
philic character assessed by flow microcalorimetry, but also
with the oxygen content determined by IGA analysis, with
CBS5 having the highest oxygen content and CB6 the lowest
oxygen content (Table 3). This good agreement further in-
fers that the polar sites detected by flow calorimetry
mainly contain oxygen, rather than nitrogen or other polar
elements.

3.4 | Raman spectroscopy

Raman spectroscopy was performed to assess the degree
of graphitisation of the different CB. Raman spectra of
all samples presented two bands at 1580 and 1350 cm ™,
respectively, the G band (from graphite) and the D band
(D for defect or disorder).”” The intensity of the latter is
proportional to the amount of disorder (crystallite
boundary) in the sample, and the ratio between the
intensities of the first-order graphite G band and the
disorder-induced D band (Ig/Ip) provides a parameter
that can be used to quantify disorder and correlate with

TABLE 3 Water uptake and oxygen
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FIGURE 1 Full width at half maximum (FWHM) of the
G-band (FWHMg), and I/l band ratio derived from Raman
spectra of carbon samples CB1-CB6

crystallite size, L, (L, (nm) = 4.4 I5/Ip).”® In the present
work, the intensity ratio (Ig/Ip) (Figure 1) is essentially
identical for carbon samples CB1-CB4 and CB6,
whereas for CB5, it was a factor 2-3 times higher,
showing significantly greater crystallite size. The
width of the G-band (FWHMg, see Figure 1) also
provides information on the crystallite size (FWHM
(G)=14+430/L,).”” In the present case, the FWHM
appears to be more sensitive to the crystallite size than
the Ip/Ig ratio. The narrower line width for CB5 cor-
roborates the above conclusion of a greater crystallite
size (ca. 11 vs. 4 nm of the other samples). Furthermore,
from FWHM values, the following crystallite size order
for all the carbon samples may be inferred as follows:
CB5 > CB3 ~ CB6 > CB2 > CB1 > CB4. This order is the
inverse as that given by the empirical relation
[(AagsHpw/AadasH)(AagsHpm)], that is, the product of
the hydrophobic/hydrophilic ratio and the aromatic
character from flow microcalorimetry.

: Mass Mass Oxygen Corrosion Carbon
content of carbon supports, and their . .

. h d ) Carbon increase at increase at content charge mass
corrosion charge and mass loss at support 40% RH (%)* 80% RH (%)* (%)° (C-mg™) loss (%)
1.4V/RHE

CB1 0.19 4.98 0.21 34 10.6
CB2 0.28 4.89 0.19 3.7 114
CB3 0.19 6.04 0.17 5.5 16.9
CB4 0.38 8.08 0.20 4.4 13.5
CB5 1.66 10.57 0.57 5.3 16.5
CB6 0.05 2.8 0.05 3.9 12.2

Abbreviations: IGA, instrumental gas analysis; RH, relative humidity; RHE, reversible hydrogen

electrode.

“From dynamic water vapour sorption analysis.

*From IGA.
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3.5 | Carbon corrosion at high potential
Electrochemical corrosion of carbon is thermodynamically
possible, though kinetically slow, in the conditions of nor-
mal operation of a PEMFC according to Equation (1).
Uncontrolled excursions to high potential such as on cell
reversal induced by fuel starvation on start/stop, as well as
increased cell temperature, exacerbate carbon oxidation,
with consequent modification of pore size characteristics
and hydrophobic/hydrophilic balance. These effects can
lead to loss of Pt nanoparticles from the carbon surface and
their electrical isolation/inactivation and aggregation, with
a concomitant decrease in the ECSA and catalyst activity.
In the present work, chronoamperometry was performed at
14V versus RHE and at high temperature (80°C), and
carbon degradation was estimated from the integrated
corrosion currents (Table 3), which result from the oxida-
tion of carbon to CO,.">*’

The highest corrosion currents and carbon mass los-
ses were observed for CB3 and CB5. These two types of
carbon had the highest number of polar sites and the
highest hydrophilic/hydrophobic ratio, as determined by
flow calorimetry (Table 2). At this point, it is possible to
infer that the presence of polar sites and hydrophilic
regions increases the propensity to oxidation at a high
potential. It can be noticed that CB5 displayed the lowest
FWHM of the Raman G band of all the samples, which,
according to a recent paper,” should result in the highest
resistance to corrosion. The lowest electrochemical sta-
bility observed for CB5 suggests that hydrophilic char-
acter and polarity prevail over graphitisation effects
evidenced by Raman spectroscopy. Among the other in-
vestigated samples, CB1, which had one of the highest
values of aromatic character, presented the lowest
corrosion charge.

(A)

3.6 | Structural and morphological
characterisation of Pt/CB catalysts

XRF results indicated a Pt loading of ca. 60 wt% for all
catalysts. XRD diffractograms of the Pt/C materials
(Figure S2) display diffraction lines at 26 =39.7°, 46.2°
and 67.4°, characteristic of platinum (JCPDS 004-0802).
The average diameter of the Pt crystallites, estimated from
the Scherrer equation to the Pt(111) peak, was 3.0-3.5 nm.

A representative example of a TEM micrograph and
particle size distribution of a Pt/C electrocatalyst is pro-
vided in Figure 2, while those for the other samples are
reported in the Supporting Information (Figure S3). Pt
particles are uniformly dispersed without aggregation on
all the carbon supports. The average particle size is in the
range of 2.9-3.2nm, in agreement with the Pt domain
size estimated from XRD patterns.

3.7 | Ex situ electrochemical
characterisation of Pt/CB catalysts

Structural and electrochemical characterisation of Pt/CB
samples showed that the electrocatalyst based on CB5 was
significantly less stable and less active than those prepared
with the other carbon supports. This behaviour can be ex-
plained in light of the results described above: CB5 presented
the highest oxygen content as well as the highest hydro-
philic/hydrophobic balance of all the series of supports. The
significant hydrophilic character may explain the degrada-
tion of Pt/CB5, related to the poor resistance of the support
to corrosion (see Equation 1). The presence of a significant
amount of oxygen on carbon may impede the attachment of
Pt to the support surface. Whereas the introduction of oxy-
gen surface groups may improve metal-support interaction
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FIGURE 2 (A) Transmission electron micrograph of Pt/CB6 and (B) corresponding histogram of Pt particle size distribution
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[EoT]) indicated in the figure for the prepared catalysts and
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for Pt/C samples prepared by impregnation/reduction in an
aqueous medium,”®” in nonaqueous synthesis routes
(including the polyol method), this interaction may be
weakened by the reduction of basic sites, which play a pri-
mary role in metal adsorption.””*' For these reasons, the
sample Pt/CB5 was not retained for further characterisation.

Electrochemical characterisation of the other Pt/CB
catalysts was carried out and compared with the reference
HiSPEC 9100. Cyclic voltammograms recorded in nitrogen-
saturated HCIO, (Figure S4a) were consistent with the
underpotential adsorption/desorption of hydrogen (Hypq) in
the potential region E < 0.4 V/RHE and Pt oxide formation
and reduction in the potential region E > 0.6 V/RHE.
Electrochemical specific surface area calculated from Hypg
peaks was significantly lower for Pt/CB materials (around
43m*.gp, ") than the reference HiSPEC 9100 (74 m*gp, ")
(Table S1). This may be attributed to the smaller metal
particle size in the reference catalyst (2.6 nm)'® as well to
the higher surface area of the support, leading to greater
accessibility of the electrocatalytic sites considering the high
Pt loading (ca. 60 wt%). Linear sweep voltammograms were
recorded in O,-saturated electrolyte (Figure S4b). ORR
mass and specific activities were calculated at 0.9 V/RHE
(ORR MAg 9o v/rur and ORR SAg oo v ruE, respectively).

The results, collected in Table S1, show that all
the Pt/C catalysts provide a mass activity in the range
170 +40 A-gp, ", which is similar to that of the reference
catalyst, 187 A-gp, ', with Pt/CB6 displaying the highest
mass activity of 214A-gp ' and Pt/CB4 the lowest,
127 A-gp,". The ORR specific activity for all the samples is
significantly higher than that of HISPEC 9100 (390 + 50 vs.
253 pA-cmp; ).

Electrochemical accelerated stress testing was carried out
on the Pt/CB samples by voltage cycling between 0.6 and
1.0V versus RHE to promote oxidation/dissolution of plati-
num. The evolution of ECSA and ORR electrocatalytical
activity was evaluated at BoT and EoT, respectively. The
results show that the loss of electrochemical surface area and
mass activity of the prepared Pt/CB catalysts after voltage
cycling was higher than that for HISPEC 9100 (ECSA loss ca.
25% vs. 16% and MA loss ca. 35% vs. 20%) (Figure 3).

To specifically accelerate corrosion of the carbon sup-
port, AST cycling at a higher voltage (between 1.0 and 1.6 V
vs. RHE) was carried out (Figure 3). The ECSA drop was
significantly lower for all the Pt/CB (ca. —35%) as compared
with the HiSPEC 9100 reference (—57%). The mass activity
was reduced by around 36% for the Pt/CB catalysts, whereas
it was halved for the commercial reference. Among the
prepared catalysts, Pt/CB4 exhibited the highest stability at
high potential excursion, whereas Pt/CB6 and Pt/CB3 were
the most unstable, with a higher loss of ECSA and activity.
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TEM analysis before and after the voltage cycling AST
showed that the average particle size increases after voltage
cycling of 0.6-1.0V from ca. 3nm to an average of
4.5nm and after voltage cycling between 1.0 and 1.6 V to an
average diameter of 4.9 nm (Table S2). After the cycling test
to 1V/RHE (Figure S5al,bl,cl), HISPEC 9100 reference
electrocatalyst shows a homogeneous distribution, as well as
the lowest increase of platinum nanoparticles size, compared
with all platinum-based carbon supports. Pt/CB4 shows the
most homogeneous distribution after the high-voltage AST
(Figure S5a2,b2,c2), with a slight increase of platinum na-
noparticle size, whereas Pt/CB3 and the reference electro-
catalyst exhibit a less uniform distribution and the highest
agglomeration of platinum nanoparticles, which is in
agreement with the electrochemical characterisation.

These results suggest a possible effect of the hydro-
phobic character of the support on the stability to cor-
rosion, with CB4 being the most hydrophobic carbon,
CB6 the least hydrophobic and CB3 the most hydrophilic
(Table 2). According to Equation (1), water repulsion
from the catalyst surface would limit corrosion. Oxida-
tion of carbon to CO, involves the agglomeration of
platinum nanoparticles and even their detachment,
therefore leading to lower ECSA and electrochemical
activity. This may explain the higher degradation of the
hydrophilic sample Pt/CB3 as well as the stability of the
more hydrophobic Pt/CB4.

3.8 | In situ electrochemical
characterisation of Pt/CB catalysts

MEAs with the Pt/CB electrocatalysts CB1-CB4 and CB6
at the cathode side were characterised in H,/air single
fuel cells. To investigate the role of carbon surface
properties and the interaction with water, two conditions
of hydration were investigated, 100% and 40% RH. The
corresponding polarisation curves are depicted in
Figures 4 and 5.

In the polarisation curve recorded under fully hydrated
conditions (Figure 4), the open-circuit voltage (OCV) was
around 0.98 V for all the MEAs. At low current densities, the
behaviour was similar for all the MEAs, except for that with
Pt/CB3 at the cathode, which exhibited a slightly lower
performance. In the Ohmic region, the slope was similar for
all the polarisation curves. Significant differences were ob-
served at the current density above 0.5 A-cm™2, with higher
cell voltage for the MEAs with cathodes comprising Pt/CB4,
Pt/CB2 and Pt/CB3, which reached maximum power den-
sity of 0.75 and 0.77 W cm ™ at 1.4 A-cm ™2 for Pt/CB2 and
Pt/CB4, respectively. All the other assemblies demonstrated
a high drop in performance ascribed to mass transport re-
sistance. In particular, the MEAs with CB6 at the cathode
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FIGURE 4 Polarisation curves recorded under hydrogen/air at
80°C, 100% RH, using the Pt/CB indicated in the figure in the
cathode layer. CB, carbon black; RH, relative humidity

could not reach a current density higher than 1.4 A-cm™2

This result may be correlated with the surface properties of
the used CB (Table 2): CB4, CB3 and CB2, presenting the
highest hydrophobic character, did not suffer from flooding
and corresponding mass transport overpotential, as they
were able to remove the water already present in the system
(100% RH) and that progressively produced at the cathode
side when increasing current density.

A similar trend is evident in Figure 5, where H,/air
polarisation curves of the CB-based MEAs in drier con-
ditions (40% RH) are depicted. The OCV was still around
0.98V for all MEAs. At high current density, the Pt/CB4-,
Pt/CB3- and Pt/CB2-based MEAs again provide higher
cell voltage. In these conditions, the maximum power
density achieved by them was 0.5W-cm™* at 1 A-cm™ 2.
These cathodes prepared using the most hydrophobic
carbons appear to allow mass transfer at the active sites
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FIGURE 5 Polarisation curves recorded under hydrogen/air at

80°C, 40% RH, using the Pt/CB indicated in the figure in the
cathode layer. CB, carbon black; RH, relative humidity
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by avoiding blocking of the cathode porosity with the
water produced at high current density. In agreement
with this observation, the MEA comprising the least
hydrophobic carbon black (CB6) at the cathode side gave
the lowest performance with a significant drop in cell
voltage at high current density.

These results confirmed those obtained in RDE and
clearly linked the surface properties of the carbon support
in terms of hydrophilicity/hydrophobicity as to I-V char-
acteristics of corresponding fuel cell MEAs. The CB with
the greatest hydrophobic character and lowest hydrophilic/
hydrophobic ratio, CB4, when loaded with Pt particles, led
to higher performance in fuel cell MEAs as well as higher
stability to corrosion. This suggests that the hydrophobic
character of the carbon support not only affects the re-
sistance to corrosion (a reaction needing water to occur),
but also the more complex phenomena taking place at the
triple-phase boundary regions in fuel cells. In particular,
this study evidenced the role of mass transfer closely related
with the presence of water in the operation conditions
(high RH and high current density). The role of surface
chemistry of carbon supports in electron and proton
transfer and surface reaction mechanisms still remains a
challenging open question to address.

4 | CONCLUSION

CB with a similar surface area and different surface
chemistry were characterised with a range of techniques
including flow calorimetry to quantify their hydrophilic,
hydrophobic and aromatic character. These surface prop-
erties play a role in the electrochemical and durability
characteristics of the corresponding electrocatalysts and
catalyst layers. Among the prepared Pt/CB electrocatalysts,
the improved ORR activity, durability and mass transfer
observed for samples based on CB4 and CB2 can be as-
cribed to their higher hydrophobic character. Water re-
moval from such surfaces may be responsible for their
lower carbon corrosion as well as lower mass transfer
limitation at high current densities, with a beneficial in-
fluence on performance, durability and water management.
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