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Abstract

Behavior of Pt/C catalysts obtained by the platinum deposition on standard and nitrogen-doped carbon supports with dif-
ferent microstructure has been studied in the oxygen electroreduction reaction in an acidic electrolyte. The catalysts based
on the modified supports are characterized by a uniform spatial distribution of small-sized (1.5-2 nm) Pt nanoparticles over
the surface of the supports, which results in high values of the electrochemically active surface area (110-130 m? g_1 (Pt)).
The use of various stress testing protocols has shown that the Pt/C material based on the N-doped KetjenBlack EC DJ-600
possesses the highest mass activity and durability, which noticeably exceed the corresponding characteristics of the com-
mercial HISPEC3000 catalyst.

Graphic abstract

2000

—e—C2 adsorption
—e—C2 desorption
—a—Pt/C2 adsorption
—=—Pt/C2 desorption

—e—C2-N adsorption
—6—C2-N desorption
—a—Pt/C2-N adsorption

1600

1200

800 —=—Pt/C2-N desorption

Quantity Adsorbed / cm*g! STP

Quantity Adsorbed / cm*g" STP

400
0 T 1 T 1
0 0.5 1 0 0.5 1
Relative Pressure / PPo™! v s pos po prae - Relative Pressure / PPo!
Pt / Ketjenblack Cyete Numbers Pt / N-doped Ketjenblack

8%
) 92%

06-10V
5000 cycles

42%

58%

STRESS-TEST

06-14V
1000 cycles

48% 52%

Degradation degree / %

ESA10000/ESA0 / 0/0

Keywords Nitrogen-doped carbon - Pt catalysts - Oxygen reduction reaction - Durability - Catalyst activity - Catalyst
stability - Catalyst preparation - Catalyst performance - Catalyst lifetime

Extended author information available on the last page of the article

Published online: 10 October 2021 @ Springer


http://orcid.org/0000-0003-0403-0074
http://crossmark.crossref.org/dialog/?doi=10.1007/s10800-021-01629-y&domain=pdf

Journal of Applied Electrochemistry

1 Introduction

Porous carbon materials are most often used as supports
for platinum-containing electrocatalysts used in PEM FC
[1-3]. The main requirements for the electrocatalysts sup-
port are high surface area, optimal porosity, which allows
reagents to supply and remove the products of current-
forming reactions to/from the platinum nanoparticles or its
alloys, high electronic conductivity, and sufficient corro-
sion resistance under PEM FC operating conditions [3-5].
One of the most widely used supports is Vulcan XC-72
carbon black [6, 7]. This is due to its high availability, low
cost, optimal combination of size, shape, surface area, and
porosity of the carbon particles. Nevertheless, the search
for supports that would make it possible to obtain Pt/C
catalysts more resistant to degradation as compared to Pt/
Vulcan XC-72 is very urgent nowadays [8]. Moreover, it
is assumed that the development of new carbon materials
with special physicochemical properties can lead to an
increase not only in the stability, but also in the activity
of Pt/C catalysts [9-11]. The most serious problem is the
degradation of Pt/C catalysts on the PEM FC oxygen elec-
trode, where highly active oxygen-containing intermedi-
ates are formed in the process of multistage electroreduc-
tion of O, molecules [8].

The set of Pt/C degradation mechanisms can, with some
approximation, be reduced to two groups of processes
[12]. The first group includes phenomena associated with
certain transformations of platinum nanoparticles: cor-
rosive dissolution, Ostwald ripening, and/or aggregation
of nanoparticles. The primary cause of the processes in
the second group is the degradation of the carbon support
itself, which occurs mainly at the carbon/Pt interface and
is catalyzed by platinum itself [6, 8, 12, 13].

The search for more stable carbon supports, such as gra-
phitized or modified carbon materials [14], carbon nano-
tubes [15], or various types of graphene [15, 16], takes an
important place among various attempts to solve the prob-
lem of the Pt/C catalysts durability. The high surface area
of graphene sheets (more than 2600 m? g~ '), structural
perfection, and excellent electronic conductivity make it
a very promising material for use as catalyst support [17].
The main problem is that graphene easily agglomerates
due to interactions between its individual layers, especially
in the manufacture of powder materials. As a result, there
are problems of the uniform deposition of noble metal
nanoparticles on graphene sheets [17, 18]. Platinum cata-
lysts based on carbon nanotubes can demonstrate higher
stability compared to the ones conventionally used on the
carbon black supports [19]. The adhesion of platinum
NPs to the nanotube surface can be improved by creat-
ing artificial defects or intercalation of heteroatoms into
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the structure of graphene layers [19]. Similar approaches
can be used for graphene. Nevertheless, the high cost of
producing carbon nanotubes, as well as the problems of
their aggregation during the formation of the porous Pt/C
layers, do not allow considering this type of carriers as the
promising materials for commercial use in the creation of
electrocatalysts.

Recently, among the researchers, there has been a grow-
ing interest in increasing the stability of “ordinary” dispersed
carbon materials due to the doping of their surface layers
with N, B, P, and S heteroatoms [20-22]. To a large extent,
these studies were initiated by the perspective of developing
platinum-free electrocatalysts for the oxygen electroreduc-
tion (ORR) reaction in alkaline electrolytes. The active cent-
ers of catalysis in such materials can be groups containing
heteroatoms, for example, nitrogen atoms linked to carbon
by pyrrole and/or pyridine bonds [21, 23]. At the same time,
in a number of publications, it has been reported that doping
of carbon with heteroatoms can lead to an increase in the sta-
bility of supported platinum electrocatalysts ORR in acidic
electrolytes [19-21]. Since heteroatoms in any case inter-
calate into the graphene layers of the support, it is conveni-
ent to study their influence namely on graphene, and then
extrapolate the result to the particles of the carbon mate-
rial, which are larger in size and more complex in organi-
zation. For example, it was found that doping of graphene
with nitrogen leads to an increase in the binding energy of
the precious metal nanoparticles with the substrate [24-26].
The atomic radius of N (70 pm) and carbon C (77 pm) are
very close. This means that the N atom can replace the C
atom, and it is relatively easy to penetrate into the structure
of the graphene layer. Due to strong covalent N-C interac-
tions, the structure of N-doped carbon is more stable [27].
Intercalation of nitrogen into carbon, as a rule, is carried
out at high temperatures and can be accompanied by carbon
graphitization [21]. Graphitization itself can also increase
the stability of the support and support platinum catalysts
[28, 29]. At the same time, the processes of the heteroatoms
intercalation into the carbon structure, accompanied by an
increase in the degree of graphitization, lead to a decrease
in the support surface area; therefore, carbon materials with
an initially high surface area are used for modification [30].

It should be noted that electrocatalysts based on N-doped
carbon carriers make it possible to form a uniform cata-
lytic layer during the assembly of membrane-electrode
blocks (MEA) of fuel cells. Due to the Coulomb interaction
of Nafion- and nitrogen-containing groups on the catalyst
surface, the oxygen distribution and proton supply to plati-
num nanoparticles are improved [20]. Researchers empha-
size such important characteristics of carbon carriers as the
ratio of meso-, micro-, and macropores, and they point out
the effect of N-doping on the change in the pore size [3].
It was established in [3] that a decrease in the fraction of
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micropores in carbon support allows one to reduce the resist-
ance associated with O, transport during operation of a fuel
cell, while minimizing the volume of macropores contrib-
utes to a more uniform distribution of a thin ionomer film,
thus ensuring a better proton transfer. The change in the ratio
of pores of different sizes in carbon grades Vulcan XC-72
[21] and Ketjenblack [31] can be achieved precisely due to
N-doping of the initial carbon carriers at high temperatures.

In this work, we have studied the activity in the oxygen
electroreduction (ORR) reaction and the stability in acidic
electrolytes of platinum-containing electrocatalysts based on
new N-doped carriers: nitrogen-doped graphitized carbon
KetjenBlack EC DJ-600 and N-doped graphene. Well-known
commercial catalyst HISPEC3000 (Johnson Matthey) and
the Pt/C catalyst based on the undoped support KetjenBlack
EC DJ-600, platinum being deposited on them in the same
way as on two nitrogen-modified supports, were investigated
as reference samples. The study was based on the hypoth-
esis that modification of carbon carriers with nitrogen atoms
will lead to the strengthening of the adhesion of platinum
nanoparticles, which will positively affect the stability and,
highly likely, the activity of the catalyst.

2 Experimental
2.1 Materials synthesis
2.1.1 Synthesis of modified carriers

Modification of the KetjenBlack EC DJ-600 support
with nitrogen was carried out according to the procedure
described in [30]. Acetonitrile was used as a nitrogen source.
A sample of the support was loaded into a U-shaped quartz
reactor. Argon saturated at room temperature with acetoni-
trile vapor was passed through a carbon-supported reactor at
temperature 890 °C with a flow rate of 0.4 cm® s~ for 4 h.
The procedure was repeated several times to produce the
modified support — CIN. It was shown before that nitrogen
on the support surface is present mainly in the pyridinic and
pyrrolic forms [30].

Reduced graphene oxide [know-how technology of the
NanoTechCenter LLC (Tambov, Russia)] was used to obtain
the C2N carbon support (graphene-like N-doped carbon sup-
port). It consisted of smooth graphene flakes (Fig. S1), mass
composition: C=80.9%, N=13.1%, O=6.0%. This material
was carbonized in an argon atmosphere for 1 h at 800 °C,
resulting in a carbon support, in the work referred to as C2N
(graphene-like N-doped carbon support).

Note, information on the synthesis of similar materials is
available in literature [32-34].

2.1.2 Synthesis of Pt/C catalysts

The preparation of Pt/C catalysts was carried out by chemi-
cal reduction of platinum from a solution of H,PtCl; 6H,O
(TU 2612-034-00205067-2003, mass fraction of Pt 37.6%,
Aurat, Russia). The carrier were KetjenBlack EC DJ-600
(C1) carbon material and two nitrogen-doped carbon carri-
ers—KetjenBlack EC DJ-600-N (C1N) and a graphene-like
N-doped carbon carrier (C2N).

A 0.15 g weighed portion of carbon support was placed
in 18 cm? of ethylene glycol (premium grade, no less than
99.8%wt., Reakhor Lls., Russia). The suspension was stirred
on a magnetic stirrer for 15 min, after that it was sonicated
in a homogenizer for 1 min at an amplitude of 50% and a
power of 750 W. Then, with constant stirring, a calculated
amount of hydrochloric acid solution with a concentration of
17.9 mg (Pt) cm~> was added, stirred for 5 min, and 0.5 M
NaOH (n(OH)/n(Pt)=12) was added. The mixture was
transferred to a 100 ml round bottom flask. With constant
stirring, 1 ml of formaldehyde (premium, 37.2%wt., GOST
1625-89, Russia) was added. Then, in an inert atmosphere,
the temperature was increased to 80 °C and the reaction mix-
ture was kept under constant stirring for 2 h. After spontane-
ous cooling of the suspension for 40 min, the product was
filtered and washed repeatedly with portions of isopropyl
alcohol and bidistilled water. The catalysts were kept for 1 h
in an oven at 80 °C, then for 12 h in a desiccator over P,0s.

Taking into account the nature of the support, the
obtained catalysts are marked below as E1, EIN, E2N. A
commercial HISPEC3000 platinum-carbon catalyst (Johnson
Matthey, 20%wt. Pt), designated JM, was used as a refer-
ence one.

2.2 Materials characterizations

2.2.1 Methods for studying the composition and structure
of materials

The w(Pt), Pt-loading in the obtained materials, was deter-
mined by the mass of the residue (Pt) after their combustion
(800 °C, 40 min). The measurement accuracy was + 3% of
the measured w(Pt) value (Table 1). The calculated loading
of platinum in catalysts is 23%wt.

X-ray diffraction patterns of carbon carriers and Pt/C
materials were recorded in the 2-theta angle range of
15-55 degrees on an ARL X’TRA diffractometer (Thermo
Scientific, Switzeland) using filtered CuKoa radiation
(4=0.154056 nm) at room temperature. The average crystal-
lite size of Pt was calculated according to Scherer’s equation,
this procedure was described earlier in [35]. The measure-
ment accuracy was +9% (Table 1).

The average size of platinum nanoparticles, the peculiari-
ties of their size and spatial distributions were also studied
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Table.1 Composition and structural characteristics of carbon supports and Pt/C electrocatalysts

Sample Carbon support type Support surface area, Pt-loading, w, Average crystallite size of ~ Average size of Pt
S(C), m> g7! %wt. Pt, nm (XRD)? NPs, nm (TEM)
El Ketjenblack EC DJ-600 1352 20 Less than 1.0 1.5
EIN Ketjenblack EC DJ-600-N 345 22 Less than 1.0 2.0
E2N Graphene-like N-doped carbon 270 23 1.3 1.8
support
M - 184 [42] 20 2.4 2.8

“Determination of the average crystallite size according to the Scherrer equation based on the analysis of X-ray diffraction patterns for some
samples was difficult because of the Pt (111) peak broadening due to the small crystallite size

by TEM. TEM photographs were obtained using a JEM-
2100 microscope (JEOL, Japan) at a voltage of 200 kV and
a resolution of 0.2 nm. For measurements, a suspension of
each sample in isopropanol was prepared in a special way
and the investigation was carried out as described in more
detail in [36]. The histograms of the size distribution of plat-
inum nanoparticles in the catalysts were constructed based
on determining the sizes of at least 400 particles randomly
selected in the TEM images.

Nitrogen adsorption-desorption isotherms were measured
at — 96 °C on Accelerated Surface Area and Porosimetry
analyzer ASAP 2020 (micromeritics). The samples were
evacuated at 90 °C to achieve pressure 100 umHg, then
heated up to 150 °C with the rate of 0.5 ® min~' and acti-
vated at this temperature for 10 h under a dynamic vacuum
before the measurement. The specific surface area values
were calculated according to the BET model [37]. Pore vol-
ume was determined at a relative pressure of 0.97. Pore size
distribution was estimated by original density functional the-
ory (DFT) according to the model of carbon with slit pores.

All XPS spectra were obtained on the ESCALAB 250
X-ray photoelectron spectrometer using monochromatic
X-ray radiation Al Ka - line with an energy of 1486.6 eV.
The minimum range of the resolved energy determined from
the Ag 3ds, 5/, doublet, did not exceed 0.6 eV. The spectra
were processed using the built-in AvantageTM software.
As part of the spectra processing, the background was sub-
tracted using the Smart form, the XPS lines were approxi-
mated by L/G Mix functions (30% Lorencian, 70% Gauss-
ian). Samples in a powdery state were deposited on Carbon
Tape, which was attached to a standard sample holder of the
spectrometer.

2.2.2 Electrochemical methods

Catalytic ink was used to apply a thin layer of a catalyst
to a glass graphite electrode. A detailed description of the
preparation of the catalytic ink system is given in the Sup-
plementary Information. Cyclic voltammograms (CV) were
recorded on a VersaSTAT3 potentiostat in a three-electrode
cell filled with a 0.1 M HCIO, solution saturated with Ar at
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the atmospheric pressure at 25 °C. Ag/AgCI/KClI saturated
electrode was used as a reference electrode, Pt wire—as an
auxiliary electrode. Before the electrode under study was
immersed in an electrolyte solution, its surface was mois-
tened with 0.1 M HC1O,. All potentials in this work are
given relative to RHE.

Initially, electrochemical activation (standardization) of
the electrode surface was carried out [35]. Then, 2 CVs were
recorded in the same potential range at a sweep rate of 20
mV s~!. The electrochemically active surface area of the
catalysts (ESA) was estimated for the second cyclic voltam-
mogram by the half-sum of the amounts of electricity con-
sumed for electrochemical adsorption (Q,,) and desorption
(Qy) of atomic hydrogen in the process of CV measurement.

Additionally, ESA was also determined from the elec-
trochemical desorption of a CO monolayer, as described
in [38]. A detailed calculation of the platinum ESA based
on hydrogen adsorption/desorption and CO desorption is
given in Supplementary Information. The ESA determina-
tion accuracy was = 10% (Table 2).

To determine the catalysts activity in the ORR, we meas-
ured a series of voltammograms with a linear potential
sweep (LSV) in the range from 0.02 to 1.2 V at a sweep rate
of 20 mV s~ !. The electrolyte was preliminarily saturated
with oxygen for 60 min, the electrode being rotated at a
speed of 700 rpm. The contribution of the ohmic voltage
drop was considered according to the generally accepted
method, as described in [35]. The contribution of the pro-
cesses occurring at the electrode in the deoxygenated solu-
tion (Ar atmosphere) was taken into account [39]. LSVs
were recorded at rotational speeds of the disk electrode of
400, 900, 1600, 2500 rpm. The activity of the catalysts in
ORR (kinetic current) was determined from the normalized
voltammograms with regard to the contribution of mass
transfer when RDE was used [40, 41]. The calculation of
the kinetic current at a potential of 0.90 V was carried out
according to the Koutetsky-Levich, as described in [36].

The stability of the catalysts was assessed by stress test-
ing methods based on multiple voltammetric cyclic poten-
tial changes at a rate of 100 mV s~! (a) for 5000 cycles in
the potential range of 0.6—1.0 V and (b) for 1000 cycles in
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the potential range of 0.6—1.4 V. Measurements were car-
ried out in a 0.1 M HCIO, solution saturated with argon at
25 °C. After every 500 (a) or 100 (b) cycles, two CVs were
recorded in the potential range of 0.04—1.2 V at a potential
sweep rate of 20 mV s~ !. The ESA was calculated using the
second CV as described above. Stability was assessed by the
absolute and relative change in the platinum ESA during and
at the end of the stress test (ESAsy and ESA5y,/ESA,). The
catalysts ORR activity was also measured before and after
stress testing.

For some catalysts, material degradation was also
assessed by the method of superimposing rectangular poten-
tial pulses. In this case, the electrode was kept for 10,000
consecutive cycles at E=1.5V (3s) and E=0.6 V (3 s).
Upon completion of stress testing, stability was assessed by
changing ESA and catalyst activity in the ORR. The amount
of electricity (Qy, O,,) passed through the electrode under
study was compared too.

3 Results and discussion

Pt-loading (w(Pt)%) in the synthesized samples ranged from
20 to 23%wt. (Table 1), which is close to the value calcu-
lated from the precursor loading (23%wt.). Catalysts EIN
and E2N based on CIN and N-doped graphene nanosheets,
respectively, contain a larger fraction of the metal compo-
nent than sample E1, which may be due to the stronger elec-
tronic interaction of the active centers of the support with
NPs [40]. Thus, the presence of nitrogen atoms incorporated
into the structure of the carbon support improves the adhe-
sion of platinum nanoparticles to its surface.

The X-ray diffraction patterns of the samples are typical
of Pt/C materials (Fig. S2). The broadening of the platinum
characteristic reflections, which is especially pronounced for
the E2N sample, is due to the small size of the crystallites.
As arule, for nanostructured Pt/C materials, a maximum of
111 is observed in diffractograms at values of 2 theta 39.9
degrees, as it is the case for JM and E1. However, for the
EIN and E2N catalysts based on nitrogen-doped carriers,
the position of the maximum corresponds to angles of 39.1
and 39.3 degrees 2 theta (Fig. S2). The shift of the reflection
maximum toward smaller values of the 2 theta angles may be
caused by the broadening of the platinum reflections and by
the fitting peculiarity of wide peaks. This effect is opposite
to the previously established effect of a decrease in the size
of platinum NPs on the value of the crystal lattice parameter
[43]. Doping of carbon with nitrogen also leads to a shift
in the position of the maximum characteristic of carbon in
the diffractogram toward larger angles (Fig. S2): the value
of 2 theta of the “carbon” maximum increases in the series
C1 <CIN < C2N from 24.2 to 25.2 degrees (Fig. S2) [44].

All the obtained Pt/C materials are characterized by a
small platinum crystallite size - from about 0.8 to 1.3 nm
(Table 1). Micrographs of different samples of platinum-
carbon catalysts show certain features in the distribution of
platinum nanoparticles, apparently due to the specific struc-
ture of the supports (Fig. S3). For the E1 material, there is
an uneven distribution of nanoparticles on the surface and in
the pores of the carrier, as well as the areas poorly filled with
particles (Fig. S3a, Fig. 1a—c). The EIN material based on
the nitrogen-doped C1N support is characterized by a more
uniform distribution of platinum nanoparticles (Fig. 1d—f).
In this case, a significant fraction of Pt nanoparticles is local-
ized at the edge regions of the C1N support, forming circular
paths of spatial distribution (Fig. S2b, Fig. 1d—f). According
to [31], this may indicate the presence of mesopores, their
edges being the places thermodynamically preferable for the
sorption of platinum nanoparticles. Our data are consistent
with [20]. In this work, it was shown that platinum nanopar-
ticles, deposited during liquid-phase synthesis on N-doped
Ketjenblack support, are distributed mainly on the surface
of meso- and macropores, rather than in micropores, which
afterward makes them available for reagents.

Note that the E2N catalyst differs significantly in its struc-
ture from the rest of the samples (Fig. 1g—i), which is due
to the specific microstructure of the C2N support: nitrogen-
doped graphene sheets do not contain pores. In this case
one should note the high uniformity of the nanoparticles
distribution on the surface of this support.

The average size of platinum nanoparticles, calcu-
lated from the TEM data (Fig. 1), increases in the series
E1<E2N <EIN from 1.6 to 2.0 nm (Table 1). The sizes of
NPs, determined by the TEM, and the average sizes of plati-
num crystallites, calculated from the XRD results, correlate
with each other (Table 1). In the same series, the surface
area of the support decreases (Table 1), which, apparently,
determines the observed change in the NP size. Due to the
high surface area of support C1, it can be assumed that on
it the number of active sorption centers of the platinum
nanoparticles (or centers of their growth in the case of a
heterogeneous nucleation mechanism) is greater, as well as
the average distance between the nanoparticles in the E1
catalyst. The E1 sample is also characterized by the narrow-
est distribution in the size of NPs (Fig. 1). The largest size
of the nanoparticles in the EIN material is apparently due
to the smallest surface area of this support. Nevertheless,
all the obtained catalysts contain platinum nanoparticles,
which are smaller than the commercial platinum-carbon ref-
erence JM (Table 1). Note that the value of the average size
of Pt nanoparticles in a commercial sample calculated by
the obtained TEM photographs is in good agreement with
the literature data [45].

The surface and porosity of the C1 and C1IN supports,
as well as the E1 and EIN platinum-containing catalysts

@ Springer
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Fig. 1 Transmission electron microscopy photographs for materials E1 (a—c), EIN (d—f), and E2N (g-i) and histograms of the nanoparticle size

distribution in the corresponding materials

Table.2 Surface area and porosity of carbon supports, and Pt/C materials based on them

Sample Single point BET surface BJH Adsorp- BIJH desorp- Pore Pore size, A
surface area at  area, m> g_1 tion cumulative  tion cumulative  volume - -
P/Po surface area of  surface areaof —cm®g™! Adsorption BJH adsorp- BJH desorption
pores, m® g pores, m® g average pore tion average average pore
width (4 V/A by pore diameter  diameter (4 V/A)
BET), A 4 VI/A)
C1 1324 1352 3864 1225 2.03 60.2 11.3 38.7
El 934 957 2775 907 1.35 59.5 11 35.7
CIN 343 345 884 338 0.71 82.8 13.8 394
EIN 370 378 1036 340 0.65 68.2 11.5 36.2

synthesized on their basis, were studied by the method of
low-temperature nitrogen adsorption (Table 2; Fig. 2).

The isotherms shape of all samples could be attributed to
Type IV, according to ITUPAC notification [46]. It indicates
a mesoporous adsorbent. Monolayer coverage completely
forms at low relative pressure about 0.01, and multilayer
adsorption begins at higher relative pressures (Fig. 2a, b)
[47]. Hysteresis loop could be associated with capillary con-
densation of nitrogen in mesopores or the spaces between
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particles. The shape of the hysteresis loop could be assigned
to type H3 in IUPAC notification [46]. Porosity distribu-
tion was estimated by the original density functional theory
according to the model of the slit pores on carbon. We have
observed reduction of both micro and mesopores’ volume
after N-doping. Moving to Pt composites, pore-sized distri-
bution of C1 and E1 samples exhibit the same shape with
lower pore volume for E1 sample. It indicates that Pt nano-
particles on the surface of C1 substrate block part of micro
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Fig.2 N, adsorption—desorption isotherms of samples (a, b) and pore width distribution (¢, d). Adsorption branches of isotherms contain filled

markers, during desorption ones—empty markers

and mesopores. In the case of CIN and E1N samples, we
have observed very close pore size distributions without
significant reduction of pore volume. It could be associated
with localization of Pt nanoparticles on the surface of carbon
substrate rather than inside the pores.

The specific surface areas were estimated as 1352, 957,
and 345, 378 m? g~ !, according to the BET model for the
samples C1, E1, and CIN, EIN, respectively. In all cases,
correlation coefficients were higher than 0.9997 (Fig. S4).
Pore volumes exhibited the same trend as BET specific sur-
face areas (Table 2). The highest pore volume of 2.03 cm?
g~ ! was observed for the sample C1. The E1 catalyst based
on this support is characterized by a decrease in the pore
volume to 1.35 cm® g~ !, apparently due to their partial isola-
tion by platinum nanoparticles, which fill the pores during
the chemical synthesis.

It is known that in the process of N-doping of carbon
supports, doped pyrocarbon is deposited mainly in micropo-
res, thus making impossible the subsequent deposition of
platinum nanoparticles in them. Such materials are mainly
characterized by the presence of mesopores [30, 31]. When
studying the CIN support by the XPS method, it was found
[30] that N-doped pyrocarbon was uniformly distributed

over the support surface. A significant decrease (by a factor
of 4) in the surface area and pore volume of the C1N mate-
rial compared to the initial C1 (Table 2; Fig. 2c, d), which
was observed as a result of chemical modification, indi-
cates that the pores of the support in are largely filled with
N-doped pyrocarbon, as noted in [29]. This is confirmed by
a comparison of the size distribution of pores in materials
C1 and CIN (Fig. 2c, d).

An insignificant change in the surface area in terms of
BET, observed upon passing from an N-doped C1N support
(345 m? g7 1) to a platinum-containing material EIN based
on it (378.4 m* g~ 1), may be due to the primary distribution
of platinum nanoparticles on the surface of the carrier along
the perimeter and beyond the perimeter of the mesopores,
which does not result in the pores isolation and a decrease
in the surface area (Table 2; Fig. 2c, d). Apparently, it is
energetically favorable for platinum nanoparticles to be fixed
on such a surface due to the interaction with nitrogen-con-
taining centers.

According to the XPS studies, the concentration of the
surface oxygen atoms in samples E1 and JM on an unmodi-
fied carbon support is 11.8 and 11.0 at %, respectively, (Fig.
S5, Table S1). For the E1N sample, the XPS results confirm
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Table.3 Some parameters

o Sample ESA H,,/ ESA CO,y, Half-wave potential of ORR kinetic currents at E=0.90 V
Characterlzu.lg the . H,.. m?g™ (Pt) O, reduction, E,,, V - -
electrochemical behavior of 2. -1 I,mA [,Ag (Pt) [,Am (Pt

m? g~ '(PY) k k k
Pt/C catalysts
El 114 120 0.87 0.39 56 0.50
EIN 110 115 0.91 1.72 244 1.75
E2N 118 130 0.85 0.60 81 0.70
M 84 78 0.91 1.33 184 2.19

the presence of nitrogen, as well as a reduced oxygen content
in the composition as compared to other samples.

Analysis of N1s XPS spectra (Fig. S5b) shows that
nitrogen is mostly in the pyridine (Table S2 A), imine
(C=N-H) and/or pyridone (C-N = 0O) forms (Table S2 C)
and in the so-called quaternary (N* — H) groups (Table S2
D) in E1N sample (Fig. 5b, Table S2) [48, 49].

Figure S5c shows the Pt4f7/2,5/2 spectra of the EIN
sample. Table S3 shows the binding energies and the rela-
tive contents of the Pt4f7/2 components of the spectra for
all the studied samples. The binding energies of Pt4{7/2
spectra correspond to the metallic state of the platinum
atoms (components A), and to the oxidized forms PtO
(component D) and PtO, (component E). Note, the EIN
sample is characterized by the absence of the E compo-
nent, and a higher proportion of the D component, in com-
parison with other investigated materials. This feature of
the EIN catalyst composition may be due to the effect
of nitrogen-doped support on the platinum nanoparticles
reactivity with respect to oxygen.

Before discussing the features of the catalysts electro-
chemical behavior, it should be noted that there are notice-
able differences in their hydrophilicity, which can affect
the structure of the catalytic layer formed at the end of
the glassy carbon disk (see the Experimental Technique
section). Catalytic inks containing E2N, E1 and JM were
applied to the RDE end, with a uniform drop (layer) being
formed. In contrast to them, when applying the N-doped
E1N material, a less uniform distribution of ink on the
RDE, the dripping, the formation of the so-called coffee
ring [21] were observed when the applied layer dried. Such
effects may be due to a change in the hydrophobicity of the
support during its modification [31, 50].

Preliminary cycling of the carbon carriers (Fig. S6a)
showed the presence of pseudocapacitance peaks local-
ized on CV at 0.45 V and associated with the presence of
oxygen-containing groups on the carbon surface. At the
same time, the magnitude of the current in the double-
layer region of CV correlates with the area of the elec-
trochemically accessible carbon surface. Judging by the
intensity of the peaks near the potential of 0.45 V, the
C1 carrier has a more oxidized surface compared to the

@ Springer

two modified carriers (Fig. S6a). This is consistent with
the literature data, according to which unmodified carbon
supports are often characterized by the presence of many
oxygen-containing groups on the surface [21, 50].

Cyclic voltammograms recorded during the electro-
chemical activation (standardization) of the surface of
platinum-containing catalysts are shown in Figure S7. The
largest number of potential sweep cycles was required to
activate the EIN surface, while the stabilization of the cur-
rent values on the CVs of the E1, JM, and especially E2N
catalysts occurred faster. Apparently, the hydrophobicity of
EIN slows down the access of the electrolyte to all platinum
nanoparticles located in the catalytic layer. In the process of
activation, its surface is hydrophilized.

Cyclic voltammograms of activated samples have a
form typical for Pt/C catalysts (Fig. 3a). The currents in the
double-layer region, corresponding to the charge/discharge
processes of the electric double-layer, increase in the series
JM <EIN<E2N <El, which is due to an increase in the
surface area of carbon carriers in this series (Table 2). At the
same time, the values of the electrochemically active surface
area of platinum (ESA) are close in all the catalysts that
we have obtained and significantly exceed the ESA of the
commercial reference sample JM (Table 3). They decrease
in the series: E2N>EI1 >EIN > >JM. The high (110-130
m? g~ ! (Pt)) ESA values of the obtained samples are largely
caused by the specific character of the synthesis method
[50], which makes it possible to obtain the nanoparticles
which are much smaller than those in the commercial IM
sample (Table 3). The catalysts ESA values calculated by
electrochemical adsorption/desorption of atomic hydrogen
(Fig. 3a) and by oxidation of CO chemisorbed monolayer
(Fig. 3b), correlate well with each other (Table 3). Note that
the oxidation onset potential of chemisorbed CO on the EIN
catalyst is approximately 40 mV higher than that of the other
studied samples, and the range of potentials corresponding
to the current maximum is broadened (inset in Fig. 3b).

The catalysts activity in ORR was estimated by the val-
ues of kinetic currents, calculated by the Koutetsky-Levich
equation and the potentials of the oxygen half-wave (Table 3;
Fig. 3). Despite the high ESA and small size of the platinum
nanoparticles, the E2N material is characterized by a specific
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Fig.3 Cyclic voltammograms of Pt/C electrodes: a after surface
standardization; b after CO transmission. Electrolyte is 0.1 M HCIO,,
atmosphere consists of Ar. The sweep rate is 20 mV s~!. ¢ Linear vol-
tammograms of the ORR. The rotation speed of the disk is 1600 rpm;

volt-ampere curve and low specific currents (Fig. 3c). The
reason for the unexpectedly low specific activity of this sam-
ple may be the problems caused by mass transfer of oxygen
to the platinum surface arising in the layer of the supported
catalyst. Apparently, carbon “nanosheets” overlap with each
other, which makes it difficult to diffuse oxygen molecules
to platinum nanoparticles located between the sheets and/or
in the depth of the catalytic layer. The unusual character of
mass transfer is reflected in the shape of the voltammogram,
which, for this material, possesses a slope not typical for the
diffusion-kinetic region (Fig. 3c). Problems of the reagent
mass transfer can also determine the low ORR activity of
the E1 catalyst (Fig. 3; Table 3). The point is that the high
surface area of the KetjenBlack EC DJ-600 carrier is due
to the presence of a large number of micropores [50]. The
deposition of platinum NPs in such pores during the Pt/C
synthesis creates a problem with the oxygen access to their
surface during the catalyst operation.

The values of the kinetic ORR current increase in the
series E1 <E2N <JM <EIN. Significantly higher activ-
ity of EIN compared to El, in principle, can be associated
both with the optimal placement of Pt NPs, as there are no

N
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d 1/47! — ©% dependence at 0.90 V potential. The rate of the poten-
tial sweep is 20 mV s~!, 0.1 M HCIO, solution-saturated O, at
atmospheric pressure

micropores in the support, and with the positive effect of the
nitrogen atoms on the spatial distribution and the platinum
NPs activity in ORR. Since the value of the specific plati-
num activity (A m~ 2(Pt)) in the EIN catalyst is lower than
in JM (Table 3), we believe that the optimization of the car-
bon (KetjenBlack EC DJ-600) structure becomes the main
factor of influence because of its N-doping. Note that the
small size of platinum NPs can also have a negative effect
on the specific activity of this catalyst [S1]. Nevertheless, the
combination of a rather high specific activity in ORR and
the highest ESA cause maximum mass activity of the EIN
catalyst, exceeding the one for JM (Table 3).

The catalysts durability was initially estimated by the
methods of multiple voltammetric cycles in two potential
ranges of 0.6—1.0 V and 0.6—1.4 V for 5000 and 1000 cycles,
respectively'. It is known that under the conditions of “mild”
stress testing (with a potential sweep up to 1.0 V), the main

' A corrosion resistance assessment of the carbon carriers in the
“start-stop” stress testing mode and a discussion of the results
obtained are given in Supplementary Information (Fig. S4b, c).

@ Springer



Journal of Applied Electrochemistry

a 40
30
20
10 |

&-10 |

< 20

~ 0 —— JM after 0.6-1.0V

————— E1 after 0.6-1.0 V
40 —— E1N after 0.6-1.0V /
-50 — — - E2Nafter0.6-1.0V /
B0 b
0 0.2 0.4 0.6 0.8 1 1.2

E/V (vs. RHE)
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contribution to the degradation of the catalyst is made by
the processes associated with the dissolution, aggregation,
and Ostwald ripening of Pt nanoparticles [51, 52]. Analysis
of the ESA dependence on the number of stress test cycles
(Fig. 4a) showed that in this test mode, E2N and E1 catalysts
degrade faster. A significant current decrease in the hydro-
gen region of the CV associated with a decrease in ESA of
E2N and E1 materials during the stress test is shown in Fig.
S8. The ESA of the commercial JM catalyst decreases more
slowly. The ESA value of the EIN material increases during
the first 1500-2000 cycles and only then slightly decreases
(Fig. 4a). Note that after the completion of stress testing, the
characteristic regions in the oxygen part of the CV, observed
for Pt/C catalysts, are also most pronounced for the EIN
catalyst (Fig. 4b).

The established features of the catalyst degradation
are reflected in the change in their ORR activity. Figure 5
shows the oxygen reduction voltammograms measured on
the respective catalysts before and after the stress test. The
lowest shift of the volt-ampere curves to the region of lower
potentials, which is characteristic of the samples that passed
the stress test, is observed for the EIN and JM catalysts, and
the highest one - for the E2N catalyst. This means that the
decrease in the catalysts ORR activity, which is the result
of the stress test, intensifies in the same series in which
the ESA drop increases: EIN < JM <E1 <E2N. The cor-
responding values of ESA, ORR activity, and oxygen half-
wave potentials of the catalysts after the stress test are shown
in Table 4.

Potential cycling in the 0.6-1.4 V range has a much
more aggressive effect on Pt/C catalysts than stress test-
ing in the “soft” (0.6—1.0 V) mode. For all catalysts, dur-
ing the stress test, there is a decrease in currents in the
hydrogen region of the CVs (Fig. S9), a decrease in the
ESA values and the ORR activity (Table 4; Figs. 6 and 7).
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During the cycling of the E1 catalyst, a significant broad-
ening of the double-layer CV region also occurs, indirectly
indicating the degradation of the C1 support, which has
the highest surface area (Fig. 6a). Broadening of the CV in
the double-layer region for support C1, was also noticed in
the corrosion resistance study of the carbon supports (Fig.
S6a, c). Comparison of the investigated catalysts charac-
teristics showed that the E1N catalyst also exhibited the
highest stability under the conditions of a “hard” stress
test. Thus, its ESA decreased from 110 to 40 m? g~ !(Pt),
and its specific activity from 1.75 to 1.0 A m~%(Pt), while
for the commercial JM catalyst ESA decreased from 84 to
24 m? g~ (Pt), and the specific activity fell from 2.19 to
0.8 A m~2(Pt) (Tables 3 and 4).

Analysis of the catalysts behavior during stress testing
in different modes, as well as comparison of the initial and
final (at the end of stress tests) values corresponding to ESA
and ORR activity (Table 4; Figs. 4 and 6) indicate the high-
est stability of the EIN sample. Figure 8 graphically shows
the relationship degree of degradation and changes ESA
(stability) during various stress tests for all materials. As a
rule, the stability of Pt/C catalysts under the conditions of
the “soft” testing regime increases with an increase in the
average NP size and the Pt-loading in the catalyst [52—-54];
however, a EIN sample containing nanoparticles with an
average size of about 2.0 nm has demonstrated higher stabil-
ity than the commercial JM sample, containing particles of
about 2.8 nm. Apparently, the doping of carbon with nitro-
gen enhances the adhesion of platinum NPs to the support,
which prevents the detachment or movement of particles
over the surface of the support and their aggregation dur-
ing the stress test. The porous structure of the carriers also
plays an important role in terms of resistance to degradation.
Thus, despite the doping with nitrogen, the E2N catalyst
based on the atomically smooth and non-porous support
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Fig.5 Linear voltammograms of the ORR for the catalysts before and after stress test a JM; b E1; ¢ EIN; d E2N. The rotation speed of the disk

is 1600 rpm

Table.4 Some parameters characterizing the electrochemical behavior of catalysts after the completion of stress testing

Sample 5000 cycles at 0.6-1.0 V

ESAsqq, m* g~ '(Pt) Ep V ORR activity of catalysts at E=0.90 V

I, A g7}(P) I, A m~%(Pt)

El 66 0.76 12 0.30
EIN 101 0.89 88 0.90
E2N 50 0.78 2 0.10
M 69 0.88 60 0.87
Sample 1000 cycles at 0.6-1.4 V

ESA 490 m* g71(P1) Eip V I, A g7}(P) I, A m~(Pt)
El 22 0.72 5 0.18
EIN 40 0.88 54 1.00
E2N 18 0.67 1 0.03
M 24 0.86 41 0.80
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Fig.8 ESA loss (%) and degradation degree for Pt/C catalysts in different stress tests. a 0.6-1.0 V, 5000 cycles; b 0.6-1.4 V, 1000 cycles

apparently is not able to effectively resist the aggregation of
platinum nanoparticles, which results in a rapid decrease in
both ESA and mass activity during stress testing (Figs. 4, 5
and 6; Table 4).

In our opinion, the main problem with the voltammetric
aspect of the stress testing methods is the comparison of
the degradation degree in different catalysts, which is made
without the amounts of substances that have reacted on the
electrodes during testing, being taken into account. There-
fore, for the two catalysts that showed the highest stability,
we tried to determine the degree of degradation combined
with the measurement of the charge consumed in the Fara-
day processes. To this end, the stabilities of EIN and com-
mercial JM electrocatalyst were studied in the “start-stop”
testing mode, which consisted of multiple (10,000 cycles)

a 60000
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50000 r
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10000 f
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superposition of three-second rectangular potential pulses
at 0.6 and 1.5 V. The stability of the catalysts was assessed
by the change in the ESA. We assumed that the greater the
amount of charge passed through the electrode during the
stress test, the more active catalyst of the corresponding Far-
aday processes it was. In this case, the cathode (at a potential
of 0.6 V) and anode (at a potential of 1.5 V) amounts of
charge were summed up separately. The results of the stress
test performed are shown in Fig. 9. And in this case, the EIN
catalyst obtained on a doped support had the highest residual
electrochemically active surface area of 40 m? g 1(Pt), while
the ESA of the commercial analog JM after the stress test
decreased to 24 m? g~ !(Pt). During the stress test, mainly for
the Faraday processes on the E1N catalyst, approximately 2
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% / Aungean@

After Stress-test

Initial
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Fig.9 a The amount of charge passed during stress testing (Q); b Values of initial and residual (after stress test) ESA, and relative durability of

electrocatalysts
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times more cathode and approximately 2.5 times more anode
amounts of charge were consumed, than on the JM catalyst.

4 Conclusions

Platinum-carbon catalysts containing from 20 to 23%wt.
platinum were obtained by a liquid-phase formaldehyde
synthesis. Carbon C1 (Ketjenblack EC 600-jD, surface
area about 1400 m? g~ ') and nitrogen-doped carbon mate-
rials CIN and C2N were used as carriers. The nitrogen-
containing support CIN obtained from Ketjenblack EC
600-jD had a surface area of about 345 m? g~ !, while
the non-porous support C2N, consisting of atomically
smooth graphene sheets modified with nitrogen, had a
surface area of about 270 m? g~!. The average size of
platinum nanoparticles in the obtained catalysts, increas-
ing in the series E1 <E2N < EIN, ranged from 1.5 to 2
nm. As a result, their ESA (110130 m? g~ 1(Pt)) was sig-
nificantly higher than that of the commercial JM analog
(Hispec3000) (84 m? g~ (Pt)). The presence of nitrogen
atoms in the graphene layers of carbon supports had led
to an increase in their sorption capacity with respect to
platinum NPs; therefore, the deposition of platinum on
CIN and C2N during the synthesis of catalysts occurred
almost quantitatively.

The electrochemical behavior of the obtained catalysts
is determined by the features of the shape and structure of
the support particles, the placement of platinum nanopar-
ticles on the surface and in the pores of carbon materials,
the adhesion strength of the nanoparticles to the support,
and also their size and size distribution of the nanopar-
ticles, which determine the catalysts ESA value. The
specific activity of catalysts in ORR turned out to be the
highest for EIN and JM samples, while in the process of
oxygen electroreduction in the deposited layers of E1 and
E2N catalysts, there arises the problem with the reagent
delivery to the platinum nanoparticles located deep in the
layer. We believe that this is due to the placement of a
significant part of NPs in the micropores of the E1 catalyst
and the overlap of diffusion flows by separate sheets of
the support (E2N). The mass activity of catalysts in ORR
increases in the series E1 <E2N <JM < EIN. At the same
time, the specific activity of the E1N catalyst is lower than
that of the JM, which means that the key factor responsible
for its high mass activity is precisely the high ESA.

The catalysts stability, determined by changes in
the ESA and ORR activity in three different stress
testing modes, increases in the following order:
E2N <El <JM < E1IN. The maximum stability of the EIN
sample is apparently due to a combination of the optimal
structure (porosity and placement peculiarities of platinum
nanoparticles in pores) and the positive effect of nitrogen
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atoms intercalated into carbon on the adhesion strength of
platinum nanoparticles to the support. Note that, according
to the results of study performed on the porosity of mate-
rials by the method of low-temperature nitrogen adsorp-
tion, the deposition of platinum NPs on the C1N support
practically did not result in pore closure. The amount of
electricity consumed for the Faraday reactions during the
“start-stop” stress test (multiple superposition of potential
pulses at 0.6 and 1.5 V) on the EIN catalyst significantly
exceeds that for the commercial JM sample.

Thus, the EIN catalyst synthesized with nitrogen-doped
carbon showed a markedly higher ORR activity and dura-
bility compared not only to other synthesized materials, but
also to the commercial JM catalyst. Taking into account that
the doping of carriers with nitrogen improves the interac-
tion of the catalytic layer with the ionomer [3, 20], one can
assume that such a catalyst will be even more efficient in the
membrane-electrode assembly. We are planning to check this
in our further research. We also believe that the nitrogen-
doped C1N support could be a very promising material in
producing two-component PtM catalysts.

The research is the original one and has not been pub-
lished before.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10800-021-01629-y.
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