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Vulcan XC72 carbon black, conventionally used as electrocatalyst support in proton exchange membrane fuel cells, was doped
with nitrogen functionalities by exposing it to nitrogen plasma, and the effect on its morphology, structure and texture and surface
properties was investigated. In particular, the strength of the interaction between the modified carbon and Nafion® ionomer was
evaluated by isothermal titration calorimetry, and an enhanced exothermic effect was observed on increasing the amount of
nitrogen at the Vulcan surface. The undoped and nitrogen-doped carbon blacks were catalysed with Pt nanoparticles, and the
resulting materials were characterised for their electrocatalytic properties towards the oxygen reduction reaction. The
electrocatalyst using nitrogen-doped supports are characterised by higher activity and stability, which is attributed to a strong
Pt-support interaction promoted by the presence of the heteroatoms.
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To meet activity, durability and cost requirements necessary for
the widespread adoption of proton exchange membrane fuel cells
(PEMFC), novel materials comprising membrane electrode assem-
blies (MEAs) are being investigated extensively. In particular,
highly durable and active electrocatalysts bearing the minimum
loading of platinum are needed at the cathode, where the oxygen
reduction reaction (ORR) occurs. The approaches to achieving high
ORR activity and to mitigating electrode degradation address both
the development of architectured (multi-)metal catalystsl’2 and of
tailored support materials.® The latter are conventionally carbon
blacks, which fulfil the main requirements of high electrical
conductivity to facilitate electron transport and high surface area
to disperse both the electrocatalyst, for its maximum exploitation,
and the ionomer, for high proton conductivity and oxygen perme-
ability. However, carbon blacks present two main shortcomings,
related to the poor attachment of Pt nanocatalysts to their surface and
the lack of stability at the high potential excursions occurring in
start/stop events on automotive operation.* A wide range of carbon
materials has been investigated as Pt supports, including graphitised
carbon blacks, graphene, carbon nanotubes, carbon nanofibres,
carbon aerogels and porous carbon microspheres®? with the
possibility of increasing their degree of graphitisation and therefore
corrosion resistance. However, higher graphitisation increases the
degree of hydrophobicity, which implies lower Pt adhesion to the
support surface that can compromise the electrocatalyst stability."!

The surface chemistry of the support is therefore crucial for the
anchoring of platinum nanocatalysts, and also plays a role in mass
transfer and water management at high load in a PEMFC.'"?
Approaches employed to modify the surface properties of carbon
include grafting functional ~groups'*'> and doping with
heteroatoms.'® In particular, nitrogen doping is widely used to
tune electrical, chemical, and catalytic properties of carbon sugg)orts
to enhance the ORR activity and durability of Pt catalysts.'’~

Nitrogen doping of carbon supports may improve catalyst
dispersion on, and anchoring to, the surface, by enhancing porosity
and charge transfer from Pt to the adjacent nitrogen atoms, which
can lead to increased catalytic activity and catalyst stability.%’30
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Furthermore, the presence of nitrogen can promote the spillover
effect of ORR-intermediate adsorbates (e.g. hydrogen peroxide) and
their decomposition,?*>!*? enhancing the overall electroactivity.
The increased oxophilicity induced by N-doping can also promote
ORR activity of the carbon itself, as demonstrated in alkaline
media.'” The introduction of pyrrolic nitrogen in the carbon structure
has an impact on the corrosion resistance, leading to increased
stability of Pt-based electrocatalysts.>® Another crucial handle for
increasing ORR performance at low Pt loading is the optimisation of
the triple phase boundary in the catalyst layer. In this regard, the
ionomer dispersion plays a significant role by facilitating efficient
proton and oxygen transfer and low electrical resistance.* As
recently demonstrated by the decrease in oxygen transport resistance
(primarily attributed to O, transport in the ionomer film in the
electrode),'*~” the presence of nitrogen-containing groups in carbon
supports increases their interaction with the sulfonic groups of the
ionomer, favouring the formation of a thin conformal film of
ionomer distributed over the surface of the support and leading to
decreased voltage losses at high current density.'s’36 Furthermore,
homogeneous dispersion of the ionomer increases accessibility to the
Pt catalyst and consequently its electrochemical surface area
(ECSA), and improves water management in the catalyst layer.
For all these reasons, the preparation of nitrogen-doped carbons
for PEMFC cathodes has been widely investigated, and several
routes have been used with this purpose, based on direct synthesis or
post-treatments, including pyrolysis, chemical vapour deposition and
(hydro)thermal treatments in the presence of nitrogen-containing
molecules.?*2%?83037=3% Compared with these procedures requiring
high energy/temperature and eventually the use of metal catalysts,
plasma technology is a simple and effective approach to introduce
nitrogen or other heteroatoms into carbon materials, either during
their synthesis (solution plasma processing)**™ or as a
post-treatment.*'~** The latter allows the easy surface functionalisa-
tion of pre-synthesised e.g. commercial carbon materials without
affecting their bulk properties and with control over the N content by
modifying the operating conditions (exposure time, gas composition,
plasma power).* Furthermore, plasma activation is an environmen-
tally benign process that does not use solvents or produce chemical
wastes.*! The excited state of a plasma allows modification of the
surface of materials by doping as well as by etching them, further
tuning the properties of the treated materials. Nitrogen functionalisa-
tion of carbon for fuel cell cathode applications has been performed
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using a range of §ases: ammonia, nitrogen, allylamine, oxygen/
nitrogen mixtures.**>™*" The reagents and the conditions used
create different functional groups (pyrrolic-N, pyridinic-N, graphitic
nitrogen, amine or ammonium groups), which drive the properties of
the carbon support. Kim et al. described an increase of the Pt loading
due to an increase of nitrogenated anchoring sites on the support
with increase of electrochemical activity for carbon blacks doped
with N,-plasma treatment.*® Zhang et al. demonstrated that pyridinic
nitrogen functionalities were introduced in carbon nanofibres with
NH; plasma, while pyrrolic nitrogen was formed upon N, plasma
treatment. In both types of modified support the Pt electrochemical
activity and stability were higher than those of the pristine support.*®

In this work, Vulcan XC72 was functionalised using a nitrogen-
plasma to produce doped carbons, the nitrogen content of which is
related to the experimental conditions of the plasma treatment. The
N-doped Vulcan carbons were characterised for their morphological,
textural and structural properties, and X-ray photoelectron spectro-
scopy was used to determine the nitrogen speciation. Isothermal
titration calorimetry was used for the first time to evaluate how the
strength of ionomer-support interaction varies with the extent of
functionalisation. Pt nanoparticles synthesised by a microwave-
assisted polyol method in continuous flow mode from the same
batch were deposited on the carbons of different nitrogen content,
and the Pt/C electrocatalysts were characterised for their ORR
activity and their stability on voltage cycling.

Experimental

N-doping of Vulcan XC72R carbon black.—400 mg carbon
batches of the carbon black Vulcan XC72R (VC) purchased from
Cabot were spread homogeneously on a Petri dish to be treated by a
nitrogen plasma with a plasma generator from Europlasma including
a 13.56 MHz RF generator (Integro 133 Advanced Energy) and a
primary pump (Edwards). The carbon batches were pre-treated at
90 °C overnight in a vacuum desiccator (Vacuo Temp) at 280 mbar.
Mass flow controllers metered a 100 sccm flow of nitrogen gas (Air
Liquide 99.9999%) in the chamber. The applied power was
modulated up to 300 W for a duration between 1h and 8 h of
plasma treatment. The resulting materials were labelled according to
their nitrogen content (determined using elemental analysis, vide
infra) with VC-0 being pristine Vulcan, considered as the reference,
and VC-x being N-doped Vulcan contained x wt% nitrogen.

Preparation of Pt/C electrocatalysts.—Pt nanoparticles were
prepared by a microwave-assisted polyol synthesis process involving
a continuous flow system.*’ This system is based on a spiral
borosilicate Pyrex® pipe (microwave reactor) placed perpendicularly
to the microwave flow, through which a Nj-saturated precursor
solution is circulated from the bottom to the top by means of a
peristaltic pump. The precursor solution is prepared by dissolving
844 mg of H,PtClg 6H,O (Sigma Aldrich, 99.9 wt%) in 679 ml of
ethylene glycol (EG, Sigma Aldrich, > 99 wt%) and adding 1.0 M
solution of NaOH (Sigma Aldrich, 98 wt%) to reach a pH value of
11. The resulting solution was heated at 160 °C and flowed at
12.5mlmin~! under microwave irradiation (MiniFlow 220SS
Sairem) at a power of 200 W. A colloidal suspension of Pt
nanoparticles (NPs) formed, which was collected and cooled in a
receiver flask to stop any further reaction. The suspension of
platinum nanoparticles was separated into 3 batches of 200 ml
each and used for deposition on Vulcan samples with different
degrees of nitrogen doping: VC-0, VC-1 and VC-3. Each batch was
acidified to pH 4 by the addition of 1.0 M solution of sulfuric acid
(H,SO,, Carlo Erba, 96 wt%) in EG, and 60 mg of carbon black
were added to achieve a maximum of 60 wt% of Pt in the final Pt/C
catalyst. The mixture was ultrasonicated for 30 min and stirred for
2 d to allow the Pt NPs to adsorb on the carbon support. Pt/VC
materials were filtered and washed using water, water/ethanol and
water, and dried at 75 °C in a vacuum desiccator. To remove any

trace of EG, the samples were heated under N, flow at 160 °C for
1 h. The resulting catalysts were labelled Pt/VC-x (x = wt%N).

Physicochemical characterisation.— Elemental analysis.—The
composition of the pristine and modified carbon blacks was
determined by elemental analysis through combustion and pyrolysis
processes. C, H, N, O, S elemental analysis was performed with a
Vario Micro Cube Element Analyser.

Raman spectroscopy.—The degree of graphitisation of the
samples was investigated by Raman spectroscopy using a Horiba
Jobin Yvon spectrometer equipped with a blue laser diode (A =
473 nm) and a scan surface of 100 ym® Raman spectra were fitted
using two Lorentzian peaks centred around 1360 cm ™' and 1600 cm ™
for the D and G bands respectively and a Gaussian peak centred
around 1550 cm™" for the amorphous carbon.”®

X-ray photoelectron spectroscopy (XPS).—The chemical specia-
tion of the nitrogen functionalities introduced by nitrogen plasma
treatment was determined by X-ray photoelectron spectroscopy
(XPS) using an ESCALAB 250 spectroscope from Thermo
Electron with an Al K, ray (1486.6 eV) as monochromatic excitation
source. The analysed surface area was 400 pm® The emitted
photoelectrons were detected perpendicularly to the sample surface
with a constant analyser energy mode (20eV pass energy). Data
analysis was carried out using the Avantage software. Binding
energies (BEs) of all core levels are referenced to the C—C bond of
C 1s component at 284.4 eV.

X-ray fluorescence (XRF).—The platinum loading on the Pt/VC
samples was determined by XRF. Samples were prepared by
grinding 30 mg of Pt/VC with 160 mg of H3BO;. The powder was
placed in a cavity and subsequently pressed to obtain a pellet of
13 mm diameter with scanned surface of ca. 12 mm. The same
protocol was used to prepare eight standards using 0, 10, 20, 30, 40,
50, 60 wt% of Pt black (Alfa Aesar) to obtain a calibration line. The
XRF analyses were performed with a PANalytical Axios Max
spectrometer fitted with a Rh (4 kW) tube, and equipped with a
LiF200 crystal and Omnian software.

Transmission electron microscopy (TEM).—The morphology of
the carbon blacks before and after nitrogen plasma treatment were
analysed by TEM using a JEOL 2200FS (Source: FEG) microscope
operating at 200 kV equipped with a CCD camera Gatan USC (16
MP). Pt nanoparticles and Pt/VC electrocatalysts were analysed with
a JEOL-2200FS microscope operated at 200kV (Schottky-FEG
emitter) and fitted with an in-column omega-filter, and a GATAN
Ultrascan CCD 2048 x 2048 px* camera was used to obtain high
resolution images. High-angle annular dark field STEM (HAADF—
STEM) micrographs were obtained with a probe size ranging from
0.2nm to 1 nm (convergence semi-angle of 8§ mrad and collection
semi-angle greater than 80 mrad). For TEM analyses, samples were
suspended in ethanol and sonicated before deposition onto carbon-
coated copper grids.

Nitrogen physisorption.—Nitrogen adsorption/desorption iso-
therms were recorded at —196 °C by means of a Micromeritics
3Flex apparatus after outgassing samples overnight at 200 °C under
vacuum (10~ Torr). The specific surface area (Sggr) was calculated
using the Brunauer—Emmett-Teller (BET) equation®® and taking
0.162 nm? as the cross-sectional area of one N, molecule. The pore
size distributions (PSD) were calculated by using the SAEIUS
software for the 2D non-local density functional theory
(2D-NLDFT).>?

X-ray diffraction (XRD).—Powder XRD patterns of Pt/VC-x
materials were recorded at 20 °C in Bragg-Brentano configuration
using a PANalyticalX’pert diffractometer, equipped with a hybrid
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monochromator, operating with CuK,, radiation (A = 1.541 A), and
using a step size of 0.1° 26 within the 20 domain from 20 to 70°. The
XRD samples were prepared by depositing the powder onto the
XRD holder, which was sealed using Kapton tape.

Tonomer/support interaction by isothermal titration calorimetry.—
For the isothermal titration calorimetry (ITC), a TAM III thermostat
(TA Instruments) equipped with 3 nanocalorimeters with a detection
limit of 10 pJ was used to perform heat flow measurements at 25 °C.
Titration and reference vials made of stainless steel with a volume of
1 ml were used. For the measurements, 800 pl of pristine and nitrogen
doped Vulcan XC72R suspensions in a mixture of deionised water and
1-propanol (16/84) at 1-10 mg ml~" were prepared. 25 aliquots of 10 1
for each ionomer dispersion in the same solvent mixture at 0.2-2 wt%
were injected. Between the injections, an interval time of 45 min was
set, to allow equilibrium to be reached after each titration step. The
samples were stirred during the measurements to prevent sedimentation
of the carbon during the 24 h’ duration of the experiment. The reference
vial was filled with a mixture of deionised water and 1-propanol (16/84)
and the 25 aliquots were added as for the titration. Every titration was
made simultaneously on the 3 nanocalorimeters to check the reprodu-
cibility of the results.

Electrochemical measurements.—Electrochemical analysis was
carried out in a three-electrode cell comprising a high temperature
rotating disk electrode (HT RDE, geometric area 0.196 cmz, Pine
Instruments, working electrode), a reversible hydrogen electrode
(RHE, reference electrode) and a graphite rod (counter electrode)
monitored with a Bio-Logic SP-300 instrument. All the potential
values are referred to the RHE.

Ink formulations.—Carbon inks were prepared by dispersing
2mg in 860 pul of isopropanol (Aldrich)/ ultrapure water Milli-Q
grade (20/80) and 40 ul of 5 wt% Nafion® dispersion in lower
aliphatic alcohols and water (Aldrich) by ultra-sonication for 1 h in
an ice/water bath. 7 ul of the resulting colloidal suspensions were
deposited onto the RDE surface with a micropipette (leading to a
loading of 80 pgcarbon cm~2), and then the electrode was dried in an
oven at 70 °C for ~15 min.

For the catalyst ink, Pt/C was added to water/1-propanol (80/20)
solvent mixture to obtain a Pt loading of 20 ug cm ™2 A 5 wt% Nafion®
solution was added to form the ink. 20 ul of ink were deposited on the
glassy carbon part of the electrode mounted on the inversed rotating
shaft and the rotation was set at 200 rpm to dry the ink.

ORR activity measurements.—Prior to the experiment, the cell
was filled with 0.1 M HClO, electrolyte and purged with N, gas. 25
cycles of cyclic voltammetry at 100 mV s~' at 0.05 V to 1 V vs RHE
were performed to clean the catalyst surface, then three cycles were
recorded at 20 mVs ™' to measure the Pt electrochemical surface area
(ECSA). The CO stripping technique was carried out after 5 min of
CO bubbling and 20 min of N, purging, by holding at 0.1 V vs RHE
with a chronoamperometry (CA) technique. Three cycles of CV
from 0.05V to 1V at 20mV s~' were recorded. The first cycle
shows the CO stripping peaks whereas the second cycle is used as
baseline.

The mass activity (MA) was determined using linear sweep
voltammetry (LSV) from 0.05V to 1.1V vs RHE at 20mV s~ '
under O, at 1600 rpm. The baseline was realised with a N, saturated
electrolyte (LSV from 0.05V to 1.1 V vs RHE at 20 mV s~ ' under
N, at 1600 rpm).

Accelerated stress tests (AST) for carbon corrosion.—Two types
of AST were used to evaluate carbon corrosion on bare and Pt
catalysed carbon blacks with different degree of N-doping:

* Potentiostatic accelerated stress tests were performed on the
carbons by holding the working electrode potential at 1.2 V vs RHE
for 2h in 0.5 M H,S0,4 (95%-98% ACS reagent, Honeywell Fluka)

at 80 °C whilst recording the current. In order to heat the electrolyte
uniformly, a jacketed cell with a circulation thermostat was used.
Prior to the experiments, the electrolyte solution was purged with
nitrogen (Air Liquide, > 99.999%) for at least 30 min, whilst during
electrochemical experiments a nitrogen atmosphere was kept above
the solution.

® An accelerated stress test was performed by cycling an
electrode bearing Pt/VC from 1.0V to 1.5V vs RHE during
60,000 cycles at 500 mV s 1in 0.1 M HCIO,4 N, saturated electro-
lyte at 25 °C. The Pt ECSA was recorded at 20 mV s™' every 1,000
cycles.

Results and Discussion

Compositional, textural and morphological characterisation
and nitrogen speciation.—Vulcan XC72R carbon blacks were
modified under nitrogen plasma treatment. In order to vary the
amount of nitrogen introduced in the carbon support, different
exposure times (up to 8 h) and plasma power (up to 300 W) were
applied and the different batches obtained were qualitatively and
quantitatively characterised.

Elemental analysis (EA) was performed on the prepared samples
to assess the amount of nitrogen introduced by the plasma treatment
in the different conditions explored. Experiments were conducted by
increasing the power from 0 to 300 W keeping the duration at 1 h,
and by increasing the duration of the treatment from O to 8 h when
keeping the maximum power (300 W). First of all, EA confirms the
successful doping by nitrogen of carbon upon N,-plasma treatment,
when 5% of nitrogen doping is achieved after 8 h’ treatment under
300 W plasma. Secondly, the nitrogen content was observed to
increase linearly with the time of treatment and with the power of the
plasma (Fig. 1).

In Table I are listed the chemical compositions evaluated by EA
of Vulcan XC72 before and after N,-plasma treatment at 300 W for
durations of up to 8 h. Considering the overall sample composition,
it is evident that plasma treatment also introduced oxygen into the
carbon support, since for all samples there is an increase of ca 1%
compared to pristine VC-0. This is in agreement with the etching
capability of plasma, which induces structural defects and unsatu-
rated edge carbon atoms which easily react with oxygen when
exposed to air to form oxygen-containing groups.*’

X-ray photoelectron spectroscopy (XPS) identified the different
types of nitrogen functionalities introduced on the carbon black
surface with the plasma treatment and confirmed the chemical
doping of nitrogen on carbon. In particular, the XPS spectra of
pristine carbon VC-0 and 3 wt% N-doped carbon VC-3 were
compared. The deconvolution of the C 1s spectrum of Vulcan
before and after nitrogen plasma treatment is shown in Fig. 2. Four
carbon contributions were determined, corresponding to C sp?, C
sp3, C-0O and C=0 centred at 284.4¢eV, 285.1¢eV, 286.0eV and
287.4 eV, respectively. After nitrogen plasma treatment, the C sp®
contribution decreased to the benefit of the others, and C-N groups™
are superimposed on the C—O peak centred at 286.3 eV.

The XPS spectrum of VC-0 presents no peak in the N 1 s region,
while the sample bearing 3 wt% N presented three peaks centred at
399.0eV, 400.2 eV and 401.5 eV (Fig. 3a). These peaks correspond
to pyridinic, pyrrolic and graphitic nitrogen respectively™ (repre-
sented schematically in Fig. 3b): pyrrolic-N (1) is bonded to two
carbon atoms in a 5 atom aromatic ring and contributes to the m
system with two p-electrons; “graphitic” or “substituted” nitrogen
(2) is a quaternary nitrogen in which nitrogen atoms are incorporated
into the graphene layer by replacing carbon atoms; pyridinic-N (3) is
at the edge of graphene planes bonded to two carbon atoms and
donates one p-electron to the aromatic 7 system. Furthermore, peaks
were observed corresponding to amine groups (4) and N-oxides of
pyridinic-N (bonded to two carbon atoms and one oxygen atom) (5).

XPS also allowed the quantification of surface nitrogen, which
was compared to the values determined by elemental analysis and
relative to the bulk material composition. As summarised in Table II,
in each case the nitrogen content obtained from XPS is higher than
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Figure 1. Relationship between nitrogen content on VC carbon black and (a) duration, using a plasma of 300 W and (b) power, for 1 h plasma treatment.
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Figure 2. High-resolution C 1 s XPS spectra of Vulcan carbon black before (VC-0, (a) and after a nitrogen-plasma treatment of 3 h (VC-3, (b), and assignments

of the various contributions.

that measured by EA; for the VC-3 sample, the N/C ratio obtained
by EA is 0.037 while it is 0.081 by XPS. This result indicates that
the nitrogen is introduced predominantly on the surface of the carbon
by the plasma treatment, without significantly affecting its bulk
properties. Independently from the duration of the plasma treatment
and of the resulting total nitrogen amount introduced, the relative
percentage of the different types of nitrogen was the same:
31%-32% pyridinic-N, 30%-31% amine, 23%-24% pyrrolic-N,
11% graphitic-N and 4%—-5% N-oxides (Table II).

N, plasma treatment incorporates nitrogen into the carbon
structure, also creating structural defects and unsaturated carbon

atoms prone to oxidation. Raman spectroscopic analysis was
performed on VC-0 and VC-3 to evaluate the modification to the
VC structure upon plasma treatments of different durations (Fig. S1
(available online at stacks.iop.org/JES/169/044502/mmedia),
Supplementary Material). Raman spectra of all samples display
two bands at 1580 cm ™" (G band) and 1350cm ™" (D band), both
resulting from the vibrations of sp® carbon atoms. The D band
corresponds to the breathing mode of the sp> carbons in aromatic
rings, which is related to defects, whereas the G band corresponds to
the in-plane bond-stretching motions of the sp> carbons in aromatic
rings, informing on the graphitic properties of the material. For each

Table I. Chemical compositions of Vulcan XC72 before and after N,-plasma treatment at 300 W for various durations (VC-x) and after N,-plasma
treatment for 2 h at various powers (VC-Py with y the plasma power in W), evaluated by elemental analysis.

Sample Plasma treatment duration (h) Plasma treatment power (W) C (Wt%) N (wt%) S (wt%) O (Wt%)

VC-0 — — 96.57 + 2.34 0.10 = 0.06 0.88 + 0.20 248 +1.90
VC-1 1 300 94.65 + 0.04 1.46 = 0.15 1.02 £ 0.16 3.31 £ 0.40
VC-2 2 300 92.05 + 1.87 2.50 = 0.14 1.09 = 0.19 4.63 = 1.66
VC-3 4 300 9295 + 1.15 3.40 = 0.08 0.40 + 0.47 3.02 £ 1.15
VC-4 6 300 92.18 + 0.62 4.16 = 0.30 0.44 + 0.52 334 £ 1.70
VC-5 8 300 92.52 + 0.03 5.38 £ 0.04 0.75 £ 0.13 3.38 £0.23
VC-P100 2 100 95.65 + 0.67 1.05 £ 0.19 0.92 + 0.08 2.68 + 0.47
VC-P200 2 200 95.60 + 0.94 1.31 £ 0.26 1.09 £ 0.18 3.09 £ 1.60
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Figure 3. High-resolution XPS spectrum of the N 1 s region of VC-3 (a) and structure of the nitrogen configurations introduced in the carbon structure by

nitrogen plasma treatment (b).

sample, the degree of graphitisation, corresponding to the ratio of
integrated peak areas of the D band and the G band (Ip/Ig) was
calculated, as well as the in-plane graphitic domain size L,
(Table III), according to Eq. 1.°° The ratio of the integrated intensity
gives information on the degree of disorder in the carbon structure,
which is inversely proportional to the graphitic domain size.

-1
L,= (4 x 10—10)/1,4(:—”) [1]
G

The results of Table III indicate that the N,-plasma treatment led to a
minor decrease of the size of the graphitic domains, less than 1 nm in
all samples. After 4 h plasma treatment an increase of the Ip/Ig ratio
is observed, which indicates an increase of disorder in the carbon
structure, in agreement with the introduction of nitrogen and the
creation of defects in the VC surface and not in the bulk.

The effect of the duration of the plasma treatment on the carbon
black morphology was evaluated by transmission electron micro-
scopy (TEM). The TEM micrographs of samples before and after the
functionalisation at different exposure times are presented in Fig. 4.

The pristine carbon black,VC-0, comprised carbon particles
of diameter ca 50 nm embedded in a continuous matrix (VC-0
Fig. 4a).>® This matrix is gradually removed upon nitrogen plasma
treatment of 1 h (VC-1 Fig. 4b) and 4 h (VC-3 Fig. 4c), revealing
well-dispersed spherical particles of ca 25 nm. This result suggests
that the continuous matrix may be amorphous carbon, which is
removed by the highly reactive plasma treatment with etching
capability.”’ It can be noticed that Raman spectroscopy did not
evidence increased graphitisation, supporting this interpretation.
This is likely due to the combined effect of amorphous matrix
removal and increased disorder due to the structural defects in
carbon upon introduction of nitrogen atoms, giving rise to an overall
slight modification of the Ip/Ig ratio. Furthermore, Raman spectro-
scopy is a surface measurement from in-plane optical phonons,
therefore more sensitive to the functionalisation performed by
plasma treatment.>®

Nitrogen adsorption-desorption measurements and pore size
distribution (PSD) calculations were performed to monitor eventual
evolution of the surface area and gorosity characteristics of the
carbon upon Ny-plasma treatment.”® Unmodified carbon VC-0
possesses specific surface area (Sgpr) of 230 m* g~ ! and contains
mesopores and micropores.'> Analysis of the micropore surface area
by SAEIUS (2D-NLDFT)> leads to the determination of the
mesopore+macropore (external) surface area by simple difference
with the BET surface area. It was observed that the Sggr was lower
by 7% compared to pristine carbon black after 1h of N,-plasma
treatment, and reduced by 30% after 4 h (Table IV). Despite the

decrease in the total Sggr, the proportion of the surface area in
mesopores is essentially unchanged upon the N, plasma treatment
(see Table 1V).

Quantification of support/ionomer interaction.—The expected
benefit of a strong support/ionomer interaction is the formation of a
thin, conformal film of ionomer distributed over the surface of the
support that will be less susceptible to displacement from the carbon
surface at high current density.'>>> The Nafion® fuel cell ionomer is
a perfluorosulfonic acid (PFSA) consisting of a hydrophobic poly
(tetrafluoroethylene) (PTFE) backbone and perfluorinated ether side
chains with terminal sulfonic acid groups (SO;H). The interaction of
Nafion® with the carbon support strongly depends on the surface
properties of the latter as well as its structure, porosity and degree of
graphitisation. Due to the hydrophilicity of the carbon surface,
Nafion® is probably adsorbed via the polar sulfonic groups on VC,
while it is rather interacting via the PTFE main chain with more
hydrophobic carbonaceous materials.®® Isothermal titration calori-
metry (ITC) was used to investigate the strength of the interaction
between Nafion® and Vulcan XC72 and any evolution with N-
doping. This technique was recently demonstrated to be a useful tool
for the investigation of the adsorption of PFSA on carbon black with
the determination of thermodynamic parameters.”

In this work, three suspensions of VC with different nitrogen
contents (0, 2, 3 wt%, labelled VC-0, VC-2 and VC-3, respectively)
in water/1-propanol were titrated with a dilute dispersion of Nafion®
EW1100. The thermograms corresponding to the heat flow recorded
during the injection of Nafion® into the three VC suspensions are
shown in Fig. 5. The result of the blank (reference) experiment is
also shown, consisting of the “titration” (dilution) of Nafion® in the
water/1-propanol solvent without carbon present. This enables a
correction to be made for the influence of the enthalpy of mixing on
the overall heat flow. In all cases, the results of Fig. 5 indicate that
the timescale of 45 min was enough for the decay of the heat flow to
the baseline level, meaning that despite the size of the Nafion®, the
kinetics is relatively fast.

The experimental conditions used and the method were validated
by these results: the injection of the ionomer dispersion into the
carbon suspensions resulted in exothermic peaks whereas dilution
peaks are endothermic (reference, green line). The sorption con-
tribution is high and intense compared to the dilution signal,
meaning that the interaction between carbon and ionomer is clearly
demonstrated. Furthermore, the carbon blacks doped with nitrogen
gave rise to different thermograms with different heat flow inten-
sities and inflections. To compare the three experiments, the
cumulative heat release due to ionomer adsorption measured by
ITC is depicted in Fig. 6.



Table II. Comparison between nitrogen content values obtained by elemental analysis and from XPS for samples VC-1 and VC-3.

EA
Sample XPS
N (wt%) N/C Pyridinic-N (wt%) Amine (wt%) Pyrrolic-N (wt%) Graphitic-N (wt%) N-oxides (wt%) N total (Wt%) N/C
VC-1 146 = 0.15 0.015 0.96 0.94 0.75 0.35 0.14 3.14 0.034
VC-3 3.40 = 0.08 0.037 2.28 2.21 1.62 0.8 0.19 7.1 0.081

T0SHP0 691 TTOT ‘4121008 [Do1UYI0.4197] Y], Jo [puinof
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Figure 4. TEM micrographs of Vulcan: VC-0 (a), VC-1 (b) and VC-3 (c).

Table III. Ratio Ip/I; and in-plane graphitic domain size L,
determined from Raman spectra of VC samples before and after
N,-plasma treatment.

Sample Ip/lg L, (nm)
VC-0 4.1 29
VC-3 4.4 2.7

It can be observed in Fig. 6 that for each sample the heat release
progressively increases with the ionomer injections up to a certain
value, after which a plateau is reached. This amount of adsorbent
needed to reach the onset of the plateau increases as the nitrogen
content in the carbon black increases, such that the plateau is
achieved after about additions 0.14 mg of Nafion® (equivalent to
0.016 mM SO3H/g carbon) for VC-0, 0.35 mg of Nafion® (equiva-
lent to 0.040 mM SO;H/g carbon) for VC-2 and about 0.84 mg of
Nafion® (equivalent to 0.095 mM SOz;H/g carbon) for VC-3.

These amounts are not proportional with the BET specific surface
area, meaning that the heat effect is influenced by the accessibility
but probably correlated to the surface chemical composition. Once
the plateau is reached, additional injections have no influence,
indicating that equilibrium is reached. Initially, the most energetic
sites (defects, kinks, surface roughness) are covered by the ionomer,
leading to the strongest heat release during adsorption. Later, a lower
increase of heat release is observed when injecting ionomer since the
adsorption takes place at lower-energy sites. The plateau might be
ascribed to the successive adsorption of Nafion® onto Nafion® that is
already adsorbed on the carbon and is not detected by ITC, but was
reported in a study based on '°F NMR characterisation.®”

The heat release, and thus the strength of the carbon/ Nafion®
interaction, is also very different on the three carbon samples and
strongly depends on the degree of nitrogen functionalisation of the
XCT72R. The strongest heat release for each aliquot of ionomer is
observed for the Vulcan functionalised with the highest amount of
nitrogen (3 wt%, VC-3), and the lowest for the pristine Vulcan
XC72R. Thus, the following trend of Nafion®/carbon support
interaction strength is seen: VC-3 > VC-2 > VC-0.

The normalised representation of Fig. 6 allowed the calculation
of the adsorption enthalpy —AH (in kJ per mol of SOzH) and
thereby the quantification of the strength of the interaction between
the ionomer and the carbon support. This is achieved by the
determination of the slope before the plateau where an equilibrium
is reached (Table V).

Except the work of Thoma,> based on a slightly different
approach to estimate the enthalpic contribution, very few studies
have focused on similar system. Direct determination of the
adsorption enthalpy of sodium dodecyl sulphate onto carbon blacks
obtained by Gonzilez-Garcia et al.®' revealed twice higher AH in
the low concentration range. Nevertheless, since the enthalpic effects
are impacted by both the sorption within and outside the porosity,
and by the organization at the interface,®” it is undoubtedly difficult
to discriminate these various contributions for the Nafion®/carbon
blacks interface. Very low adsorption enthalpy is obtained for VC-0
and it increases with increase in the nitrogen content of the carbon
blacks. This is in line with the conclusions by Gonzéilez-Garcia
et al.®' where contribution from the surface chemical composition
was noticed despite the differences of textural properties. This
demonstrates the role of the heteroatom in promoting the adsorption
of the ionomer on the carbon surface, inferring that the interaction
occurs between the SO3H groups of Nafion® and the nitrogen of the
doped support. In conclusion, ITC experiments demonstrated that
increasing the amount of nitrogen on the carbon black strengthens
the interaction with the ionomer, with potential impact on catalyst
and fuel cell performance and durability.

Electrochemical characterisation.—To evaluate the effect of
nitrogen functionalisation on the electrochemical corrosion resis-
tance, the corrosion charge of the N-doped and undoped Vulcan
carbon was measured by chronoamperometry at high potential and
high temperature in acid medium. In particular VC-0, VC-1 and VC-
3 were characterised, allowing an eventual trend with increasing
nitrogen content from ca 1 to 3 wt% to be evaluated. The corrosion
of the carbon supports was quantified by electrochemical oxidation
at 1.2 V vs RHE for 2 h at 80 °C. This potential value was selected in
order to discriminate among the investigated carbons (at continuous
hold at 1.4 V vs RHE, all carbon blacks were rapidly corroded). The
electrochemical degradation was estimated from the integrated

Table IV. Specific surface area (Sggr) and surface (S,pores) Of micropores for pristine and N-doped carbon blacks.

Sample SBET (m2 g7 1) SNL-DFT (m2 g7 1) Supores (m2 g7 1) Smesopores (m2 g7 1)
VC-0 230 239 188 51
VC-1 213 220 173 47
VC-3 160 160 110 50
VC-4 154 144 101 43
VC-5 141 132 90 42
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Figure 5. Heat flow during titration of Nafion® with non-modified (VC-0)
and nitrogen-doped (VC-2, VC-3) carbon black Vulcan XC72R suspended in
water/1-propanol or with the solvent mixture as a reference (dilution).

corrosion current (corrosion charge normalised by the carbon mass)
and compared to the value obtained for VC-0. For the carbons with
increased nitrogen content there is a slight decrease in the corrosion
charge with the lowest charge observed for the sample bearing the
highest amount of nitrogen, VC-3 (Table VI). The corrosion charge
of this sample is 20% lower than that of the parent VC-0.

It is reasonable to take into account the different specific surface
areas, which may affect the surface reactivity to corrosion and
oxidation. Therefore, the specific corrosion charge relative to the
surface area (rather than the sample mass) was calculated. The
normalised corrosion charge slightly increases with increasing
nitrogen content in the carbon. In an attempt to confirm the trend
observed in these results, an accelerated stress test promoting carbon
degradation was applied to catalysed carbon blacks. The next
paragraphs describe the physico-chemical and electrochemical
characterisation of Pt deposited on undoped (VC-0) and 3 wt% N-
doped carbon (VC-3).

Structural characterisation.—Platinum nanoparticles were pre-
pared by microwave-assisted polyol method in a flow system.49 This
allowed the subsequent deposition of the same batch of NPs on to
undoped (VC-0) and N-doped (VC-3) carbon blacks, to evaluate and
discriminate between the properties of the support and its interaction
with the nanocatalyst.

XREF results indicated a Pt loading of ca 50 wt% for the Pt/VC-0
and Pt/VC-3 electrocatalysts (Table VII).

To remove ethylene glycol eventually blocking the NP surface
and that can negatively affect their electrocatalytic activity, mild
thermal treatment was performed on the Pt/VC-x materials. The NPs
size observed on the two catalysed supports was similar: the NPs on
Pt/VC-3 are slightly bigger (2.7nm) than those on Pt/VC-0
(2.6nm)** (Figs. 7a and 7b, S2a and S2b in Supplementary
Material). Furthermore, the dispersion of the platinum nanoparticles
is more homogeneous on the N-doped carbon than on the pristine
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Figure 6. Cumulative heat release during titration of Nafion® with non-
modified and nitrogen-doped carbon black Vulcan XC72R suspended in
water/1-propanol normalised by carbon mass: VC-0 (black squares), VC-2
(red dots) and VC-3 (blue triangles).

support. These results provide evidence for the role of the carbon
surface in anchoring the Pt nanocatalysts, wherein the N-doped
carbon black interacts more strongly with Pt (see XPS results) and
promotes their more homogeneous dispersion upon thermal treat-
ment.

Their XRD diffractograms (Fig. 8) display diffraction peaks at
26 = 39.7°, 46.2° and 67.4°, characteristic of platinum (JCPDS 004
0802). The Scherrer equation was applied to the Pt (111) peak,
allowing estimation of the average size of the Pt crystallites as
around 4 nm, whereas the particle size assessed by TEM was
2.6-2.7 nm.

The surface chemistry of the Pt/VC-x electrocatalysts was
analysed by XPS (Fig. 9). The Pt 4 f spectra were deconvoluted
using three doublets with an energy gap of 3.35 eV corresponding to
7/2 and 5/2 spin—orbit splitting of Pt°, P*" and Pt*".

The 7/2 contributions are centred at the binding energies
71.24 eV, 72.25 eV and 73.25 eV respectively and the 5/2 contribu-
tion at the binding energies 74.56 eV, 75.6 eV and 76.62 eV.**

The higher amount of oxidised platinum in Pt/VC-3 compared to
Pt/VC-0 (29% vs 26%, see Table SI in Supplementary Material) may
be attributed to an increased strength of interaction with the support,
characterised by enhanced electron transfer from Pt to carbon due to
the presence of N atoms incorporated on the surface.®> Furthermore,
there is a slight energy shift to higher binding energy (40.13 eV)
between the reference and the nitrogen-doped Pt/VC-3 sample
(Fig. 9), which also suggests the presence of a low-coordinated
electronic state of Pt with electron transfer towards the support
leading to relative positive charge on Pt.>*®° The spectra of the N 1s
region of the catalysed supports (Fig. S3) display peaks character-
istics of the three types of nitrogen speciation (graphitic, pyrrolic and
pyridinic) already discussed for the non-catalysed support in Fig. 3
and Table II. However, these peaks are significantly downshifted to
lower binding energy for the catalyst supported on N-doped carbon

Table V. Adsorption enthalpy obtained by determination of the slope on ITC experimental data with Nafion® and undoped and N-doped carbon

blacks.

Sample N content (Wt%) —AH (kJ mol SOsH ~') adsorption enthalpy
VC-0 0.10 = 0.06 6.7 +0.5

VC-2 25+0.14 24302

VC-3 3.10 £ 0.07 26.0 = 0.1
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Table VI. Corrosion charge and area specific corrosion charge for pristine and N-doped Vulcan carbon.

Sample Corrosion charge (C mg™") Area specific corrosion charge (C m™2)
VC-0 1.94 8.42
VC-1 1.71 8.03
VC-3 1.55 9.69

Table VII. Platinum loading (XRF) of the catalysts Pt/VC-0 and Pt/VC-3, and their electrochemically active surface area (ECSA), mass (MA) and
specific activities (SA) at 0.9 V vs RHE at beginning of test. In parenthesis are indicated the values obtained at end of test, i.e. after the AST from
1.0V to 1.5V vs RHE during 60,000 cycles at 500 mV s in 0.1 M HCIO,4 N, saturated electrolyte at 25 °C.

XRF
Sample ECSAmpa (m* gp ) ECSAco (m” gp ") MAgs v (A mgp ") SApg v (mA cm™?)
Pt (wt%) C (wt%)
Pt/VC-0 49.6 489 48 (30) 45 (27) 0.251 (0.123) 0.528 (0.407)
Pt/VC-3 51.1 47.8 51 (28) 51 (31) 0.293 (0.179) 0.576 (0.645)
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Figure 8. XRD diffractograms of Pt-VC-0 and Pt/VC-3.

compared to the bare support (—0.35eV for the N-pyridinic,
—0.41eV for the N-pyrrolic and —0.49 eV for the N-graphitic).
Again, this can be related to the interaction with Pt, and the effect is
complementary to that observed for the Pt 4 f signals, i.e. there is
greater electron density on the nitrogen groups upon interaction with
the electron donor Pt. These observations are consistent with the
existence of a strong metal-support interaction between the Pt and N-
doped carbons,*>® which can have a crucial role in anchoring and
stabilising the metal catalyst on the support surface.
Electrochemical characterisation of the undoped Pt/VC-0 and N-
doped Pt/VC-3 electrocatalysts led to evaluation of their

electrochemical surface area (ECSA) and their activity towards
ORR, as well as their retention upon accelerated stress testing
(AST). The ECSA was determined from the H,pq desorption and
from the CO stripping results (Table VII). Cyclic voltammetry (CV)
measurements on the Pt/VC-0 and N-doped Pt/VC-3 electrocatalysts
in acidic medium under nitrogen show the characteristic hydrogen
adsorption/desorption peaks in the 0.05-0.4V vs RHE potential
range and the Pt oxide formation/reduction at potential > 0.8 V and
0.5-1.0V vs RHE, respectively (Fig. S4a in Supplementary
Material). Pt ECSA was calculated from the hydrogen desorption
peak and had the same value of around 50 m?gp, " for both catalysts.
While Pt ECSA are similar, TEM images show different particle
dispersions and should induce smaller ECSA when nanoparticles are
agglomerated. The ECSA obtained using the CO stripping is similar
to that obtained by H,pq.

CV measurements on the catalyst in acidic medium after CO
adsorption show two peaks of CO desorption at 0.75V and 0.85 V
vs RHE (Fig. 10). Different explanations have been proposed to
rationalise the existence of these two peaks, including desorption
from different Pt surface crystallographic planes, or from particles of
different size and degree of agglomeration, the presence of surface
defects, and the Pt loading.®® As the Pt particles in this work resulted
from the same batch of polyol synthesis for both Pt/VC-0 and Pt/
VC-3, they should have the same size distribution and the same
exposed surface planes.” However, HAADF-STEM analysis re-
vealed slightly different average NP size for Pt/VC-0 and Pt/VC-3,
which should not have a significant impact on CO stripping peaks.
The stripping peak at lower potential is considered to be related to Pt
nanoparticle agglomerates whereas the higher potential peak is
related to isolated Pt nanoparticles.®® The high Pt loading (50 wt
%) can lead to two CO stripping peaks by favouring the Pt
nanoparticle agglomerates.®” The pristine catalyst shows a high
potential peak of twice the intensity of the low potential peak,
indicating that the majority of nanoparticles are isolated. In contrast,
for the N-doped catalyst the two CO stripping peaks have same
intensity, indicating the presence of isolated nanoparticles and
agglomerates in similar proportions. Upon AST, a decrease in the
intensity of CO stripping peaks is observed for both catalysts. For
the catalyst on the undoped support, the ratio of peak intensities is
reversed as carbon corrosion leads to the agglomeration of isolated
nanoparticles, whereas the catalyst with the N-doped retained its
proportions of isolated nanoparticles and agglomerates, indicating a
better stability.

ORR activity was evaluated by LSV on Pt deposited on undoped
and N-doped supports at beginning of test (BoT) and at end of test
(EoT), i.e. after 60,000 cycles of an AST at high potential (Figs. 11
and S4b in Supplementary Material). The voltammogram shapes are
characteristic of oxygen reduction reaction reaching a diffusion
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Figure 9. High-resolution XPS spectra of the Pt 4 f region for Pt/VC-0 (a) and Pt/VC-3 (b).
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Figure 10. Cyclic voltammograms in CO free 0.1 M HCIO, at a sweep rate
of 20mV s~ after CO adsorption for Pt/VC-0 and Pt/VC-3 before (solid
line) and after AST (dashed line).

limited current density plateau close to the theoretical value at 1600
rpm (5.7 mA cm ™). The BoT voltammograms in oxygen saturated
electrolyte show a similar onset potential at 0.97 V vs RHE for both
catalysts. The mass activity (MA) at 0.9 V vs RHE was higher for
the catalyst based on N-doped carbon than for Pt/VC-0 (0.293 vs
0.251 A mgp, ) (Fig. 11). At EoT, the mass activity decreased for
both catalysts but to a lesser extent for Pt supported on N-doped
Vulcan: the MA of the Pt/VC-0 decreased by 51% (from 0.251 to
0.123 A mgp, 1), while that of P/VC-3 of 39% (from 0.293 to
0.179 A mgpfl) (Table VII). Due to a slightly higher decrease in
UPD determined ECSA in the latter catalyst, its surface activity
(SA), very similar at beginning of test (BoT), became significantly
higher at end of test (EoT) compared to that of Pt/undoped Vulcan
(0.645 vs 0.407 A cm ™).

To conclude, Pt/VC-3 showed better beginning of test (BoT) and
end of test (EoT) activity than Pt/VC-0, with a similar ECSA loss
upon AST. This increased ORR performance and stability at high
voltage can be attributed to the support surface. On the one hand, N-
doped carbon gives stronger anchoring sites for Pt than undoped
carbon black and the possibility of promoting ORR due to its
oxophilicity.'” On the other hand, Vulcan treated under N,-plasma
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Figure 11. Voltammograms in O, saturated 1 M HCIO, at a sweep rate of
20 mV s~ ! at 1600 rpm for Pt/VC-0 and Pt/VC-3 before (full line) and after
AST (dashed line).

presents higher corrosion resistance, which can be attributed to the
presence of pyrrolic nitrogen.>

Conclusions

Nitrogen-plasma treatment of Vulcan carbon leads to carbon
surface functionalisation with the control of the introduced nitrogen
content and preservation of the porosity characteristics. Using
calorimetry and surface analysis methods, the introduction of
nitrogen functionalities was demonstrated to strengthen the interac-
tion of the N-doped carbon with both Nafion® ionomer and with Pt
nanoparticles. The effect of such interactions was demonstrated with
improved catalyst dispersion, and enhanced ORR activity and
durability in electrochemical accelerated stress tests. This approach
can be further extended to carbons synthesised with tuned mor-
phology and porosity, which is expected to further improve their
properties in the fuel cell catalyst layer, with significant impact on
PEMFC performance and durability.
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