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Abstract: Platinum deposited on dispersed materials has so far been the most demanded catalyst
for creating cathodes for a wide range of electrochemical power sources. This paper sets out to
investigate the effect of carbon nanotube (CNT) modification by O, N, and P atoms on the structural,
electrocatalytic, and corrosion properties of the as-synthesized monoplatinum catalysts. The inves-
tigated Pt/CNT},,q catalysts showed an increased electrochemically active platinum surface area
and electrical conductivity, as well as an increased catalytic activity in the oxygen reduction reaction
(ORR) in alkaline electrolytes. The improved characteristics of Pt/CNT catalysts are explained by
alterations in the composition and number of groups, which are formed on the CNT surface, and their
electronic structure. By the sum of the main characteristics, Pt/CNTynos+N and Pt/CNTynoz+NP
are the most promising catalysts for use as cathode materials in alkaline media.

Keywords: monoplatinum catalyst; carbon nanotube; modification; electrochemically active surface
area (EAS); oxygen reduction reaction (ORR); corrosion stability

1. Introduction

Oxygen electroreduction is one of the most important reactions due to its wide ap-
plication and demand for practical use in fuel cells (FC) and metal-air power sources [1].
The process of cathodic oxygen reduction limits the characteristics of fuel cells, since the
reaction proceeds with a significant overvoltage reaching 300 mV relative to the equilib-
rium oxygen potential of the O,/H0 system. In this regard, it is necessary to create
catalytic systems that would meet the requirements of both high activity and selectivity
(oxygen reduction directly to water), and stability in harsh operating conditions (oxygen
atmosphere, elevated temperatures, and solution pH).

Platinum deposited on a dispersed carbon support (Pt/C) is widely used as a catalytic
material for the oxygen reduction reaction (ORR) [2]. Such systems provide high activity;
however, despite the excellent corrosion resistance of metallic platinum, Pt/C catalysts
degrade during long-term tests in FC due to exposure to corrosive environments [2,3].
Therefore, an important research direction consists in a search for methods capable of
improving Pt-containing catalysts not only in terms of their catalytic activity, but also its
corrosion stability.

The degradation of Pt/C catalysts [2,3] is associated with a number of reasons, the
primary of which is the dissolution of Pt nanoparticles. Although Pt is thermodynamically
stable to dissolution at different pH across a wide range of potentials, the Pourbaix diagram
shows that Pt dissolves at potentials above 0.85 V (reversible hydrogen electrode, RHE) at
pH values below 2, i.e., under the operating conditions of electrodes in low-temperature
hydrogen-air FCs [2]. The second reason is related to the corrosion of the carbon support,
which causes destruction of the porous structure thus preventing the mass transfer of
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reagents towards the active centers and initiating the shedding of Pt nanoparticles. The
third reason for reducing the electrochemically active surface area of platinum is the
enlargement of its particles due to agglomeration and Ostwald ripening [3].

The development of effective support materials is a priority task on the way of
commercialization of FCs, since such materials significantly affect the cost, productivity,
and durability of the catalyst, and hence the entire system [4,5]. The following requirements
are imposed on the material of catalyst supports [6,7]:

High specific surface area;

Predominantly mesoporous structure ensuring the transport of reagents;

High stability in alkaline and acidic environments under the operating conditions
of FCs;

e High proton and electronic conductivity: the electrically conductive material of the
support provides a path through which the transfer of electrons between the support
and the deposited metal occurs;

e  Strong interaction between the nanoparticles of the metal and support material, which
increases the stability of the catalyst.

It has been found that promising support materials include carbon nanotubes (CNTs) [§]
and new carbon materials with a high surface area, a sufficient number of anchoring
sites (active centers), a high electrical conductivity, and resistance to degradation [3].
CNTs exhibit unusual mechanical properties, such as high strength and low density
(1100-1300 kg/ m3 ), stability in acidic and alkaline media, as well as a large specific surface
area due to the developed porosity [8]. However, in the initial state, the relatively inert
surface of these materials is characterized by an insignificant number of active centers
necessary for capturing metal nanoparticles [2,6]. As a result, numerous studies are aimed
at modifying the CNT surface in order to improve its activity and electronic properties,
which is crucial when creating electrocatalysts.

The main approaches to the creation of active centers consist in the formation of
oxygen-containing functional groups [9,10] or the introduction of N, P, B, and S heteroatoms
into the CNT structure [11-15]. The nature of active groups and their amount may alter the
nucleation kinetics and size of metal nanoparticles. This provides a uniform distribution
and a smaller size of the nanoparticles of the metal phase [16-18]. The higher the number
of active centers, the smaller the size of the Pt particles and the stronger their bond with
the support. This facilitates charge transfer thereby increasing catalytic activity [19,20].

The presence of heteroatoms in the CNT structure increases the bond strength of metal
with the support as a result of the altered CNT electronic structure, thus increasing the
stability of the entire system [17,21]. It was shown [22] that an increase in the nitrogen
content leads to a decrease in the size of Pt nanoparticles. Thus, the catalysts containing
1.5,5.4, and 8.4 at% of nitrogen are characterized by the following sizes of Pt nanoparticles:
5.0+ 23,4.8£2.0,and 4.2 = 1.7 nm, respectively. Higher nitrogen contents in the support
structure provide a larger number of active centers, smaller sizes of Pt nanoparticles, and
larger Spas values. It was also noted that the stability of the catalyst directly depends on the
number of active centers on the support surface. Thus, a Pt catalyst containing 1.5 at% of N
preserves only 20.2% of the initial EAS after 4000 cycles. At the same time, the catalysts
containing 5.4 at% and 8.4 at% of N preserve 26.6% and 42.5% of EAS, respectively. The
authors of [22] explain this increase in stability by an increase in the binding energy between
Pt and carbon atoms to 1.35 eV, with an increase in the number of N atoms. However, the
decrease in the size of Pt nanoparticles, which actually leads to an increase in the binding
energy, was ignored, and no true values of the platinum surface for all the studied systems
were presented. The degradation of the support itself, the stability of which increases
with an increase in the degree of nitrogen doping, was also disregarded. This fact also
justifies the assumption about an increased stability of catalysts on nitrogen-doped CNTs,
which was confirmed in a number of works [23-25]. It should be noted that the smallest
platinum nanoparticles (d < 2 nm) are the first to dissolve, which is consistent with the
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data of [22]. Following corrosion testing, the size of nanoparticles increases, with the most
stable catalyst having the smallest nanoparticle diameter of 7.4 nm.

Therefore, the use of CNTs with a modified surface as a support is one of the most
promising approaches to increasing the overall activity and stability of catalysts. The
abovementioned advantages of modified CNTs allow the Pt loading in the catalyst to be
reduced, thus making such catalysts more commercially attractive.

In this work, we aim to establish the effect of the nature and amount of modifying CNT
groups on the catalytic and corrosive properties of synthesized on them monoplatinum
catalysts in ORR.

2. Results and Discussion

Table 1 shows the structural characteristics of the synthesized catalysts. All the
catalytic systems have a large mesoporous surface, which is more than 55% of the BET
specific surface area for nitrogen-modified CNTs and reaches 100% in the case of a catalyst
synthesized on phosphorus-doped CNTs. The mesoporous structure is more favorable
than the microporous structure, since it facilitates the diffusion of reagents to the catalytic
sites. The largest BET surface area corresponds to the Pt/CNTyNo3+N catalyst. It can also
be noted that the least amount of platinum was deposited on CNTs without acid treatment,
probably due to the insignificant number of active centers. In acid treated CNTs, the mass
fraction of Pt increased and reached ~19 wt.%, reaching 21.2 wt.% after nitrogen doping.
Doping with phosphorus, on the contrary, led to a decrease in the Pt mass fraction in the
synthesized catalyst. It can be assumed that Pt does not bind to phosphorus atoms on the
surface, while phosphorus replaces nitrogen, blocks oxygen and possible defects in the
structure of nanotubes.

Table 1. Structural characteristics of the synthesized monoplatinum catalysts.

No. Catalyst SpeT, m?/g Vpore, cm®/g Sme, m?%/g
1 16.3 wt.% Pt/CNTinitial 171 0.59 130
2 18.75 wt.% Pt/CNTyNo3 192 0.89 178
3 21.2 wt.% Pt/CNTHNO3+N 213 0.51 119
4 17.8 wt.% Pt/ CNTuNoO3+P 161 0.99 161
5 15.83 wt.% Pt/CNTHNO3+NP 184 0.62 126

Table 2 and Figure 1 show XPS data on the elemental composition of the surface of
modified CNTs used as a support, as well as on the content of Pt nanoparticles on the
surface of the most active Pt/CNT catalysts.

Table 2. XPS measurements of the studied catalysts.

No. Catalyst Element/at.% in CNT Element/at.% in Pt/CNT
1 Pt/CNTipitial 0/0.46 -
0O/11.9
2 Pt/CNTHNos 0/154 N/0.75
N/1.2 Pt/1.78
0/8.36
3 Pt/CNTinossN ©/12.84 N/16
N/1.98 Pt/1.1
0/10.8
4 Pt/CNTyNO3+P N/1.0 -
P/0.2
0/10.8
5 Pt/CNTHNO3+NP N/1.55 -

P/0.4
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Figure 1. Pt4f XPS spectra of platinum deposited on carbon nanotubes: (a) Pt/CNTynos; (b) Pt/CNTHNO3-N-

As can be seen (Table 2), the largest amount of platinum on the surface was found in
the Pt/CNTunos (sample 2) catalyst, despite the fact that the mass fraction of Pt in this
catalyst was lower than in sample 3 (Table 1). It can be assumed that some of the Pt is
blocked in the pores, which is indicated by a significant decrease (by almost 50%) in the
mesoporous surface area. This value composes 119 m?/g. Moreover, sample 3 has the
highest density (Tables 1-3).

Table 3. Electrical conductivity of monoplatinum catalysts with a sample weight of 0.015 g.

No. Catalyst Specific Resistance R, () cm Density, g/cm® Specific Conductance x, S/cm
1 Pt/CNTinitial 5.9 1.69 0.169
2 Pt/CNTHNO3 45 1.12 0.223
3 Pt/CNTHNO3+N 6.28 1.96 0.159
4 Pt/CNTHNO3+P 47 1.00 0.212
5 Pt/CNTHNOZ+NP 55 1.61 0.182

According to XPS data, a decrease in the percentage of O and N atoms on the surface
is observed upon the modification of the support material with platinum. This is probably
due to their overlapping by Pt nanoparticles when interacting with active centers on the
CNT surface. This assumption confirms the fact that the atoms on the CNT surface act as
active centers for binding platinum.

2.1. Determination of the Electrical Conductivity of Monoplatinum Catalysts

Electrical conductivity is one of the most important characteristics of any electrocata-
lyst. The electrical conductivity of the catalysts under study was calculated based on the
experimentally measured resistance. The data obtained are presented in Table 3.

The specific electrical conductance of the Pt/CNTj,, catalyst obtained from the
experimental data was 0.169 S/cm. To substantiate the increase in electrical conductivity
after functionalization, we present the data on electrical conductivity of CNTj,;4 and
CNTnnos, which are 0.066 and 0.097 S/cm, respectively. Upon subsequent modification
with platinum, the electrical conductivity of the catalysts more than doubles. It is, for
example, 0.223 S/cm for Pt / CNTyno3 versus 0.097 for CNT ynos (Table 3). When using
CNTynos as a support for Pt nanoparticles (Pt/CNTpno3), the electrical conductivity
increases to 0.223 S/cm. This can be explained by the presence of oxygen-containing
groups on the surface of functionalised CNTs, as well as by an increased percentage of
Pt on the surface (Table 1, sample 2) and associated increase in density (1.96 g/ cm?). The
electrical conductivity values for the catalyst synthesized on CNTyNo3+N are significantly
lower as compared to Pt/CNTyno3. The first reason for the observed decrease in electrical
conductivity may be a lower compression degree of the catalyst during experimental
studies. At maximum pressure, the compression degree of the sample depends on its
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density: the lower the density, the greater the compression degree and, accordingly, the
higher the electrical conductivity. The Pt/CNTuNos+N catalyst has the highest density
and the lowest corresponding compression degree. Under these conditions, the measured
resistance is higher, and the electrical conductivity is 1.4 times lower than that of the
Pt/CNThnos3 catalyst. At close density values (samples 2 and 4 in Table 3), their electrical
conductivities are also close, and some differences are associated with the number and
nature of groups on the surface and the mass of deposited platinum (its fraction on the
surface). According to the available literature data [26], a high compression degree of a
catalytic material based on CNTs leads to an increase in the total area of “van der Waals
contacts” between the outer walls of neighboring CNTs, which in turn leads to an increase
in electrical conductivity. Second, according to the XPS spectra of Pt4f (Figure 1), the
Pt/CNTHNOs + N catalyst is characterized by a high percentage of Pt in the oxidized form
(13.5% Pt-O with a bond energy of 73 eV), while for the Pt/CNThNo3 the proportion of
Pt-O is 6% of the total number of Pt atoms on the catalyst surface. This directly affects the
value of electrical conductivity. Similarly, the Pt/CNTynos.Np catalyst is characterized
by a high density and, in addition, a lower percentage of Pt as compared to Pt/ CNTyNo3
(Table 1), which leads to the low value of its electrical conductivity. The Pt/ CNTyNoOz+P
and Pt/CNTpyno3 catalysts have similar characteristics of electrical conductivity: a slight
decrease (sample 3) in electrical conductivity is associated with a decrease in the percentage
of Pt (Table 1). This indicates that the presence of P atoms in the structure of the carrier
material does not affect the electronic conductivity of the catalyst.

2.2. Determination of the Electrical Conductivity of Monoplatinum Catalysts

Cyclic voltammetry (CV) measurements (Figure 2) were obtained on Pt catalysts in
alkaline and acidic electrolytes. Modified CNTs with a high specific surface area, due to
the large number of active centers represented by O-, N-, and P-functional groups, provide
the formation of highly dispersed Pt nanoparticles. This leads to an increase in Sgaspt.

1, mA/cm’

4’ ——Pt/CNT

2_ initial

1Y ' = = PYCNT,,

-3' T .Pt/CNTHNO3+N
(a) (b)

Figure 2. Cyclic voltammetry (CV) on Pt catalysts: (a) 0.1 M KOH; (b) 0.5 M HySO4. O,; the potential scan rate is 100 mV/s;

My = 0.15 mg/cm?.

According to Figure 2 and Table 4, the smallest Spas pt corresponds to the catalyst
synthesized on CNTjpia1- In the initial CNTs, only a small amount of oxygen-containing
groups (active centers) is located on the surface of large Pt particles with a small surface
area formed during the synthesis. The process of functionalization is associated with the
emergence of oxygen-containing groups on the CNT surface, which create new active
centers for metal binding and formation of smaller platinum particles. This process is
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accompanied by an increase in Sgaspt, which is typical of Pt/CNTyno3. Subsequent
doping leads to a further increase in the mass of platinum in the catalyst, thus increasing
its surface. It can be observed that the platinum load in the catalyst and the value of its
Spas depend on the number of active centers on the support surface. The more active
centers are formed, the more platinum is contained in the catalyst, the larger the platinum
surface becomes. However, the total percentage of active centers (of all types of modifying
atoms: O, N) in the structure of CNTyNo3 is the highest among the modified materials
amounting to 16.6 at%. About 15% of these centers are oxygen-containing groups on
the surface (Table 2), which allows this type of CNT to preserve 18.7% of platinum. For
comparison, after doping with nitrogen, 21.2% of the metal is preserved in Pt/CNTyNoO3+N-
Therefore, the presence of predominantly oxygen-containing groups does not provide
favorable conditions for Pt deposition. The introduction of nitrogen atoms into the CNT
structure increases the number of active centers on the surface and, as a consequence,
leads to an increase in Sgas pt (Table 4). The largest number of active centers, exceeding
Spas pt for a commercial catalyst, is observed for Pt/CNTynos+Np in acidic and alkaline
electrolytes. Thus, for the deposition of highly dispersed Pt nanoparticles on the CNT
surface, the presence of nitrogen or nitrogen and phosphorus atoms in their structure is of
great significance.

Table 4. Electrochemical characteristics of monoplatinum catalysts in acidic and alkaline electrolytes.

Material/No., as Pt,

0.5 M H,SO4 0.1 M KOH

Ikins Jmass, Ikins Jmass,

. Ey,, V A /em? mA/m Ey,, V mA /cm? mA/m
%  Seaspy /¥ m 8Pt Spaspu /2 8Pt
in Table 3 wit O g at0.95V  at090V e at0.95V  at0.90 V (n)
1500 rpm 1500 rpm

. 55.7

Pt/C /1 20 48.5 - - - 51.7 0.88 0.50 (3.2)
51

Pt/CNTjpitia1 /2 16.3 41.0 0.83 0.3 57.75 38.3 0.85 0.36 3.1)

51.5

Pt/CNTyno3/3 18.7 40.7 0.82 0.22 56.2 41.2 0.86 0.43 3.3)

73.0

Pt/CNTuaNosz+n/4  21.2 46.7 0.83 0.27 554 47.1 0.88 0.61 (3.6)
61

Pt/CNTuNo3+pP/5  17.8 54.6 0.85 0 61.7 50.3 0.87 0.53 3.1)
65

Pt/CNTuNnos+np /6 15.8 55.5 0.82 0.08 61 54.0 0.87 0.43 (3.4)

ORR activity was determined by the polarization curves shown in Figure 3. The Ey/,,
ikin, and jmass values are shown in Table 4.

The catalytic activity of monoplatinum catalysts increases with an increase in Sgas pt
(Table 4). Thus, the smaller Sgags pt value corresponds to the lowest ORR catalytic activity,
which is observed for Pt/CNTj,i41- The highest activity corresponds to Pt/ CNTyNo3+p in
an acidic electrolyte and Pt/CNTyno3+N in an alkaline electrolyte (Figure 3). In an alkaline
electrolyte, the iy;, values increase proportionally to Ey/,, while, in an acidic electrolyte, the
highest values for iy, are observed for the Pt/ CNTj,j1ia and Pt/CNTynos+N catalysts. It
should be noted that the Ei,, ikin, and jmass values in 0.1 M KOH exceed the parameters
obtained at 0.5 M H,SOy. This indicates a higher activity of catalysts synthesized on
modified CNTs in alkaline media.
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Figure 3. Polarization curves on Pt catalysts: (a) 0.1 M KOH; (b) 0.5 M HySO4. O;; the potential scan rate is 5 mV/s;
My = 0.15 mg/cm?, w = 1500 rpm. The inset shows curve sections in the potential range of 0.98-0.90 V.

In the initial potential range, the dE/dlogi slopes (Figure 4) have similar values,
amounting to about 0.03-0.04 V and 0.08-0.10 V per current decade with increasing po-
larization. The mechanism of the oxygen reduction reaction on these catalysts does not
change depending on the catalyst. In addition, since the values of the slopes are much
lower than those observed for the polarization curves obtained on CNTs (more than 0.12 V
per current decade [27]) prior to modification, it can be argued that there is an acceleration
of the ORR and the rate of electron transfer to an oxygen molecule. This agrees well with
the data on the increase in electrical conductivity: the lower slopes of the Tafel dependences
correspond to the catalysts synthesized on CNTs, which contain nitrogen and phosphorus
atoms in addition to oxygen. Consequently, these catalysts are characterized by the highest
electron transfer rate, which confirms their high catalytic activity.

0.98 EV

0.96

0.944 AR 120 mV dec’

0924 = Pt/CNT

initial

* PYCNT,,
PY/CNT

HNO3+N

0.88 T ;
0.1 1

log i, mA/cm’

0.90

Figure 4. Polarization curves in the Tafels coordinates for platinum-modified materials (indicated in
the Figure), O, 0.1 M KOH, 5 mV/s, 1500 rpm.

The value of the limiting current (Figure 5) approaches the theoretically calculated
value for the 4-electron process, which comprises 5.6 mA /cm? at the 1500 rpm electrode
rotation speed [10]. This indicates the predominant oxygen reduction directly to water for
all the studied systems (Table 4). It can be seen that the oxygen reduction current in the
limiting current region depends on the electrode rotation speed in an alkaline electrolyte;
therefore, the reaction on the studied catalysts in the limiting current region is limited
by oxygen delivery. The current value corresponds (or is close) to the limiting diffusion
current of oxygen reduction along the 4-electron path. The highest activity, exceeding that
of a 20 Pt/C commercial catalyst, is observed for Pt/CNTynos«N. This is expressed in
higher currents in the whole potential range (Table 4), reaching 0.5 and 0.6 mA /cm? in the
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kinetic region under a similar surface area of platinum, and, in terms of mass activity, at a
potential of 0.90 V-55.7 and 73.0 mA /mgpy, respectively.

O T T T T 1
040 0.2 0.4 0.6 0.8 1.0
-1- EV
1 Pt/CNTinitial
24
34~
4
-5
'6__1', mA/cm’
O T T T T
040 0.2 0.4 0.6 0.8 1.0
! - Pt/C:NTHNO3+NP By
R J
'3__ —~1
442
T 3
51—y
-6 5
6 i, mA/cm’

0 T T T T T T T T T -
0{0 0.2 0.4 0.6 0.8 1.0
1 JE,V
PYCNT,
2
-3+ —1
44 —2
3
-5 —4
64 3
i mA/cm’
0 T T T T 1
0/0 0.2 0.4 0.6 0.8 1.0
1 Pt/CNT, B
2 J
-3
~1
41 2
3 1——650 rpm
-5 2——980 rpm
—4 3 1500 rpm
61 5 4——1900 rpm
i, mA/em’ 5 2800 rpm

Figure 5. Polarization curves recorded on Pt-catalysts at different electrode rotation rates (indicated in the Figure), O,; 0.1 M

KOH, 5 mV/s, mym = 0.15 mg/cm2‘

2.3. Corrosion Stability of Pt-Catalysts

The stability of the catalysts was assessed by the change in Sgag of platinum (Figure 6),
i.e., by the decrease in the area of the hydrogen desorption peak, as well as the half-wave
potential on the polarization curve of oxygen reduction, after 500 and 1000 cycles.

0.357

0.30

0.25+

0.20

0.15+

0.10 T . . .

EV

0.0 0.1 0.2 0.3 0.4

@

T

0.5

0 T T 1
0[6 0.7 0.8 1.0
E,V
-14
after 1000 cycles
24
34 after 500 cycles
initial
44
). 2

Figure 6. (a) CV area in the region of hydrogen desorption on Pt/CNTyNo3+N, A1, 0.10 V/s; (b) polarization curve recorded
on Pt/CNTyNo3+N, O2, 5 mV/s, 1500 rpm; initial, after 500 and 1000 cycles, 0.1 M KOH, m,; = 0.15 mg/ cm?.
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The commercial catalyst is characterized by the lowest stability. Here, the Sgag of Pt is
reduced by 60%. The Pt/CNTj,;q1 catalyst is characterized by a greater stability due to
the low surface area of Pt (large metal particles), which are less prone to dissolution and
agglomeration. Among the catalysts synthesized on modified CNTs, Pt/CNTynos is the
least stable. The decrease in Sgag pt for this catalyst is comparable to Pt/C after 1000 cycles.
This result can be attributed to the degradation of the support material, which reduces
the overall stability of the system. The Pt/CNTyNos+n and Pt/CNTynos+Np catalysts
have similar values of corrosion stability. The greater resistance to degradation of these
catalysts is provided by doping (primarily with nitrogen). An increase in the corrosion
stability of nitrogen-doped carbon nanotubes was confirmed in a number of works [23-25].
It should also be noted that a large number of oxygen-containing groups and platinum in
the oxidized state presented on the surface leads to the destruction of a catalyst. When
comparing the XPS spectra of the two Pt/CNTyNo3z and Pt/CNThnos+N catalysts, along
with the same spectra of the CNTyno3 and CNTynos+N supports (Table 2), in the first case,
a large amount of oxygen-containing groups and a small amount of nitrogen are located on
the surface of the support and then on the catalyst based on it. In the second case, there is
more nitrogen and less oxygen. In addition, the maxima of the binding energy of platinum
electrons in Pt/CNTynos are shifted towards higher binding energies (Figure 1), which in
fact indicates the presence of platinum in a higher oxidation state considered as the first
stage of platinum corrosion. Thus, along with a large number of active centers ensuring
the binding of Pt nanoparticles to the CNT surface, it is necessary to use doping atoms of a
certain nature, first of all, nitrogen. Additional research is required in order to establish
the form of the nitrogen group, which ensures the stability of the catalytic system as a
whole. Although the presence of phosphorus or phosphorus and nitrogen simultaneously
on the surface provides a developed surface of platinum, the stability of such materials is
insufficient (Table 5). It should also be noted that the values of E,/, change insignificantly
for all the studied catalytic systems.

Table 5. The electrochemical parameters changes of Pt catalysts during accelerated corrosion testing.

Initial Data After 500 Cycles After 1000 Cycles
Catalyst

Spt, mz/gPt Ey,, V Spre, mz/gpt Ey,, V Spt, mz/gpt Ey,, V

Pt/C 60 0.88 34 0.87 25 0.86

Pt/CNTinitial 38.3 0.85 33.1 0.84 24.6 0.84

Pt/CNTyNnoO3 412 0.86 27.8 0.85 154 0.85

Pt/CNTHNO3+N 47.1 0.89 33.7 0.87 25.1 0.86

Pt/CNTHNO3+P 50.3 0.88 34.3 0.88 18.9 0.87

Pt/CNTHNO3+NP 54 0.87 37 0.86 26 0.84

3. Materials and Methods

Multiwalled CNTs were supplied from Nanotechcenter LLC (Tambov) (>99.0% wt.,
Sger > 270 m?/ g). Melamine (C3HgNg, >99.0%) and triphenylphosphine (TPP) (>99.0%)
were purchased from Alfa Aesar (Ward Hill, MA, USA) and Merck (Darmstadt, Germany),
respectively. Solutions of NaOH (>97.0%) were purchased from Alfa Aesar. Concentrated
HNOj3 (70% wt.) for functionalization, KOH (>99.0%), and concentrated H,SO,4 (94% wt.)
for electrolyte preparation were purchased were purchased from LLC Chimmed (Moscow,
Russia). For comparison, commercial (HiSPEC) catalyst 20 wt. % Pt/C was used.

3.1. CNT Modification Methods

Functionalization. Initial CNTs 500 mg were placed in 100 mL of concentrated HNO3.
The mixture was kept at 120 °C for 1 h. After cooling to room temperature, the mixture was
washed with deionized water to neutral pH and dried in a vacuum oven at 90 °C. After
functionalization, CNTs are designated as CNTyNos3-
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Nitrogen doping. Functionalized CNT gno3 was mixed with melamine in a 1:0.7 ratio
and milled in a ball mill (Fritsch Pulverisette 7) for 1 h at 800 rpm. The resulting mixture
was heated at 600 °C inside a quartz furnace tube for 1 h in an Ar atmosphere.

Phosphorus doping. Functionalized CNTyno3 were mixed with TPP at a 1:5 ratio,
dissolved in ethanol, and sonicated for 30 min to form a suspension. The resulting sus-
pension was dried and then heated at 700 °C inside a quartz tube furnace for 1 h in an
Ar atmosphere.

Dual-doping. To introduce two heteroatoms into the structure of CNTs, two doping
techniques were combined. First, CNTs were doped with nitrogen, and then obtained
CNThNo3+N Were used as the initial material for doping with phosphorus.

A more detailed description of the functionalization and doping techniques is given
in the previous work [23].

3.2. The Polyol Synthesis of Monoplatinum Catalysts

This method consists in the reduction of Pt with a polyhydric alcohol at a temperature
close to the boiling point. A weighed portion of modified CNTs was mixed with ethylene
glycol and subjected to ultrasonic dispersion for 1 h. Subsequently, the CNT suspension
in ethylene glycol was placed in a flask. The bath was heated to 130-150 °C followed
by a drop-wise addition of a solution containing H,PtCls* 6H,O with a concentration of
15 mg/mL to the CNT suspension in the amount required to create a catalyst with 20 wt.%
of Pt. The treatment was continued for 1.5 h while bubbling with argon. The resulting
mixture was settled down and washed with water; the solid precipitate was separated in a
centrifuge and dried.

The Pt content was determined by a spectral method after extracting platinum from
the powder with a mixture of nitric and hydrochloric acids and adding SnCl, to the
solution to form a complex with Pt. The intensity of the maximum of the Pt complex
(wavelength 401 nm) was used to calculate the platinum content in the sample. For a
detailed methodology, see [28].

The following samples were synthesized: Pt/CNTjpitia; Pt/ CNTano3, Pt/ CNTHNO3+P/
Pt/CNThNo3+N, and Pt/CNTHNO3+NP-

3.3. Electrochemical Methods

Experiments were performed in 0.1 M KOH and in 0.5 M H,SOy on a three-electrode
system with a glassy carbon electrode (GCE) (0.126 cm?) sealed in Teflon as the working
electrode, a Pt foil as the counter electrode, and a Hg/HgO electrode in 0.1 M KOH and an
Ag/AgCl electrode in 0.5 M H,SO, were used as a reference electrode. Potential values are
given versus reversible hydrogen electrode (RHE). All potential values in the article are
given relative to a reversible hydrogen electrode (RHE).

To prepare the catalyst ink, 2.2 pg catalysts was dispersed in 500 pL of isopropyl
alcohol, 5 puL (~150 pugyat/ cm?) of this suspension spread on the GCE surface and allowed
to dry in air at room temperature.

To determine the electrochemically active surface of studied catalysts in the absence
of a depolarizer (oxygen) in the electrolyte solution, cyclic voltammograms (CV) were
recorded in the 0-1.2 V (RHE) potential range, at a 100 mV /s scan rate on a stationary
electrode. Electrolytes were saturated Ar prior to the start of experiment.

The electrochemically active surface (Spas) of Pt was calculated according to Equation
(1) by integrating the charge in the region of hydrogen desorption on CV, taking into
account that 0.210 mC/cm? is necessary for the desorption of a hydrogen monolayer per
1 cm? of the surface of pure Pt.

fIdE
0.210 X v X mp;

)

Sgsa =

where [—current (A), E—the electrode potential (V), v—the scan rate (V/s), mp,—the mass
of platinum in the active layer on the electrode (mg).
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To determine the activity of the studied catalysts in ORR, polarization curves were
recorded in O,-saturated electrolyte. Measurements on a rotating disk electrode (RDE)
were performed at a 5 mV/s scan rate at a rotation speed varying from 650 to 3000 rpm.
Catalytic activity was determined on the basis of half-wave potential (E,, V), values of
the limiting diffusion current density (iji,, mA/cm?), mass activity at the potential 0.9 V
(j, mA/mgp;, and current density in the kinetic region, near the steady-state potential
(ixin, MA /cm?).

To determine the corrosion stability the method of accelerated corrosion testing was
used. During tests, the potential was cycled in the range 0.6-1.3 V in 0.1 M KOH at a
potential scan rate of 100 mV /s for 1000 cycles. After 100, 500, and 1000 cycles, changes in
Spas pt and activity in ORR were observed.

3.4. Methodology for Measuring Resistance and Calculating Electrical Conductivity

In order to determine the electrical conductivity of dispersed materials, the resistance
was measured using a measuring cell with the upper and lower contacts in the form of
disks with an area of 0.785 cm?, between which a sample was placed. The initial resistance
between the disks, including contact and wire resistance, was 0.015 Q). A weighed portion
(15 mg) of the sample under test was evenly distributed on the surface of the lower disk
followed by its pressing by the upper disk. The resistance of the material was measured at a
constant (maximum) compression degree. The results of measuring the electrical resistance
of materials and the value of electrical conductivity in the form of 1/() are presented in
Table 3. An assumption was made that, at the maximum compression degree (the distance
between the disks in the absence of a powder sample is 0.01 cm), the layer thickness was
0.01 cm when applying the same mass to the disk surface. It is common knowledge that
conductivity increases with an increase in the compression degree [26]. In our case, the
lower the sample density was, the greater compression was applied. Consequently, the
original CNT samples were compressed to a greater extent than Pt-modified samples.

The resistance was measured by the electrochemical impedance method using a
Solartron 1287 electrochemical interface. The resistance of the sample was equal to the
Ohmic resistance of the zero phases estimated from the impedance spectrum, minus the
intrinsic resistance of the cell and wires. The Ohmic resistance of the zero phases is a value
cut off on the axis of real resistances by the impedance spectrum. The measurements were
carried out in the range 300 kHz-1 Hz, the potential amplitude was 5 mV. The spectra were
processed using the ZView software.

In the course of measuring the impedance spectrum, we obtained the dependence
of the complex resistance on the frequency of the alternating current. The value of the
experimental high-frequency resistance (Rex) is equal to the value of the complex resistance,
provided that its capacitive component (Z//) is equal to zero.

Based on the experimentally measured R,y resistance, the pspec specific resistance was
calculated according to Equation (2):

Rex xS
Pspec = n 2)

where S = 0. 785 cm?, h = 0.01 cm is the distance between the disks.
In turn, the « specific electrical conductivity [S/cm] was determined by Equation (3):

1
K= @)
Pspec

3.5. Structural Studies

Brunauer—Emmett—Teller (BET) method. BET surface area (Sggr) and porosity values of
the studied materials were determined using the physical sorption method with a Micro-
metrics ASAP 2020 setup. The adsorption isotherms were measured at 77 K volumetrically
examined by nitrogen gas adsorption.



Catalysts 2021, 11, 335 12 of 13

X-ray photoelectron spectra (XPS). XPS were acquired on an Auger spectrometer (Vac-
uum Generators, UK) with the CLAM?2 attachment for measuring XPS spectra. The vacuum
in the analyzer chamber was better than 10-8 Torr. An Al anode served as the source of
monochromatic radiation (200 W). The peak position was standardized based on the po-
sition of a carbon C1s peak with energy of 285.0 eV. For quantitative ratios, we used the
coefficients of sensitivity shown in the VG1000 program for spectra processing. The surface
layer composition was determined to a depth of 10 nm.

4. Conclusions

The modification of CNTs, initially subjected to functionalization, by N and P atoms
used as a platinum support produces catalysts, whose activity is comparable to that of a
commercial Pt/C catalyst.

Platinum catalysts synthesized on modified CNTs demonstrate a higher activity in
alkaline media compared to acidic media. In alkaline electrolytes, Pt/CNTyno3+N showed
the highest activity and stability values among the studied materials, with E;/, = 0.885V,
ikin = 0.61 mA/cm?, and joov = 73 mA/mgp;. In acidic electrolytes, the activity parameters
of this catalyst were E,/, = 0.85 V and 7, = 0.27 mA/ cm?.

The use of CNTs doped with N and P atoms enhances the stability of platinum
catalysts. In terms of general characteristics, the Pt/CNTunoz+n and Pt/CNTyNo3+NP
catalysts are promising for practical use as cathodes in alkaline media.
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