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Abstract
The influence of the surface modification of multi-walled carbon nanotubes (MWCNT) with nitrogen-containing compounds 
on the performance of 40 wt% Pt/MWCNT catalysts in the oxygen electroreduction reaction (ORR) was investigated using a 
rotating disk electrode (RDE) at 10–35 °C in 0.1 M  HClO4 as electrolyte in electrochemical cell, and in a hydrogen–oxygen 
polymer electrolyte membrane fuel cell (PEMFC) at 82 °C. The catalysts were characterized by low-temperature nitrogen 
adsorption, XPS, TEM, gas-phase CO titration, electrooxidation of the adsorbed CO monolayer, and cyclic voltammetry. It 
was shown that the modification of MWCNT with melamine–formaldehyde resin leads to the surface nitrogen concentration 
up to 8.3 at.% (CNT-MF sample). The 40 wt% Pt/CNT-MF catalyst with 0.1 mg cm−2 Pt loading on the cathode showed a 
good performance in PEMFC (~ 0.61 W cm−2) and a high utilization ratio (0.84) of Pt in membrane electrode assembly as 
compared to Pt/CNT catalyst (~ 0.37 W cm−2 and utilization of 0.29). The higher power density of nitrogen-modified catalysts 
was ascribed to a higher utilization of Pt in the electrode layer.

Keywords Polymer electrolyte membrane fuel cells · Nitrogen–carbon nanotubes · Multi-walled carbon nanotubes · 
Oxygen reduction reaction · Platinum electrocatalyst · Nitrogen modification · Pt utilization

Introduction

Polymer electrolyte membrane fuel cells (PEMFC) are 
among the most promising and rapidly developing areas of 
energy technologies. Platinum catalysts based on carbon 
supports are considered to be the most active and stable 
in the oxygen reduction reaction (ORR) [1, 2], while Pt/
Vulcan XC-72 is widely used as model catalysts [2]. How-
ever, the wide application of the Pt/C catalysts is limited 
mostly by the high content of expensive platinum in the 
membrane electrode assembly (MEA). One approach to 
reduce platinum content is to increase the utilization of the 

active component in the cathode electrode layer of PEMFC 
using novel materials satisfying the following criteria [3]: 
(a) high specific surface area, (b) good electrical properties, 
and (c) high electrochemical stability under PEMFC operat-
ing conditions. Carbon nanotubes (CNT) have shown a good 
potential to meet these requirements, becoming, thereby, an 
attractive candidate electrode material [4–9].

Compared to commercial carbon blacks (e.g., Vulcan 
XC-72), the morphology of multi-walled CNTs contributes 
to both the high availability of Pt nanoparticles deposited 
on the surface and the improved mass transfer. However, the 
inert surface of CNTs inhibits immobilization of the catalyst 
active component—highly dispersed platinum nanoparticles 
[10, 11]. To increase the concentration of anchoring sites 
for Pt deposition, surface functionalization with nitrogen is 
usually performed [10, 12, 13].

With regard to platinum catalysts, the use of nitrogen-
modified nanotubes as supports leads to an increased disper-
sion of the active component due to a higher concentration 
of anchoring sites for Pt adsorption. High dispersion of Pt 
significantly increases its utilization in the ORR [14].
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Two approaches have been employed for the function-
alization of the carbon nanotube surface with nitrogen-con-
taining groups: (1) introduction of a nitrogen-containing 
species during the CNT synthesis; and (2) post-treatment 
of the CNT powder. As a rule, the first approach leads to 
a decreased activity of the catalysts for CNT growth, an 
increased diameter, the bamboo-like morphology, and a sig-
nificantly reduced quality of the material [15, 16], while the 
second one involves additional facilities also resulting in a 
decreased specific surface area and large amounts of wastes 
[17]. Only a few papers were devoted to the investigation of 
nitrogen-modified carbon nanotubes (N-CNT) as supports 
for the platinum ORR catalysts [3, 18–20]. Moreover, the 
main efforts were aimed at studying such supports as the 
non-platinum ORR catalysts, where nitrogen-containing 
groups exhibit the catalytic properties [21–24].

As for Pt-based catalysts, 30 wt% Pt/CNT-N catalysts 
based on melamine-modified nanotubes that were calcined at 
950 °C showed high stability in accelerated test cycles [25], 
as well as a more even distribution of the active component 
over the surface and an improved performance in PEMFC 
[26], which the authors attributed to the strong interaction 
of Pt with nitrogen groups [25]. Pt/CNT-N catalysts based 
on monoethanolamine-modified CNTs showed an advantage 
over the commercial catalyst due to the higher electrochemi-
cally active surface area of Pt [14]. The treatment of CNT 
in nitrogen plasma led to the introduction of 4 at.% sur-
face nitrogen, which resulted in an improved performance 
in PEMFC as compared to unmodified Pt/CNT [27]. The 
catalysts containing both the carbon nanotubes doped with 
nitrogen (N-CNT) as supports and the monodisperse plati-
num nanoparticles obtained using N-containing templates 
as the active component were shown to have a high activ-
ity with an increased current density due to a decrease in 
mass transfer [28]. The Pt/CNT-N catalyst based on CNT 
modified with ethylenediamine also showed a high perfor-
mance in PEMFC [29]. The prospect of Pt/N-CNT catalysts 
in PEMFC was reported in [30], where the catalysts showed 
high stability and power density. Nevertheless, “the optimal 
modification” of the carbon nanotube surface with nitrogen-
containing groups is still challenging.

In this paper, a series of 40 wt% Pt catalysts based on 
multi-walled carbon nanotubes modified with nitrogen was 
prepared and studied. Two approaches were used for the 
CNT surface functionalization with nitrogen: polymerization 
of adsorbed melamine and melamine–formaldehyde resin in 
the presence of CNT. CNT modified by the second approach 
was recently shown to be promising for the Pt-free ORR 
catalyst in alkaline media [31]. Performance of the catalysts 
in the ORR was evaluated in electrochemical cell and in 
PEMFC. The results showed that the use of nitrogen-modi-
fied nanotubes makes it possible to increase significantly the 
utilization of Pt and the specific power density in PEMFC.

Experimental

Preparation of carbon supports

The CNT samples, represented by multi-walled carbon 
nanotubes, were synthesized by the catalytic chemi-
cal vapor deposition (CCVD) at 670 °C in Ar/C2H4 1:1, 
400 sccm flow using the  Fe2Co/Al2O3 catalyst [32]. This 
catalyst exhibits high activity (> 120  gMWCNT g−1

cat h) and 
provides high purity (no amorphous carbon, catalyst impu-
rities less than 2% by weight), low concentration of defects 
in CNT [33] and a narrow size distribution of nanotubes 
diameter (dmean ~ 9.4 nm). Before depositing platinum, 
the nanotubes were treated with nitric acid (conc.), as 
described in [34]. The concentration of surface carboxyl 
groups estimated by titration was 0.8 group nm−2 [33].

The CNT-M sample was synthesized by polymeriza-
tion of adsorbed melamine. A colloidal dispersion of CNT 
(100 mg) in an aqueous solution of melamine (20.5 mg) 
was obtained via sonication (15 min, 22 kHz, 400 W) to 
provide a suspension and disentangle the agglomerates of 
carbon nanotubes [35]. The water was, then, evaporated 
at 80 °C for 24 h. The following treatment in Ar flow (400 
sccm) at 320 °C for 4 h led to ~ 10% decrease in mass due 
to the polycondensation of melamine with the formation 
of melam (Fig. 1-1) [36, 37].

The CNT-MF sample was synthesized via the polym-
erization of a melamine–formaldehyde resin on the CNT 
surface by the reaction shown in Fig. 1-2. For this purpose, 
a CNT dispersion (1000 mg) was prepared in an aqueous 
solution (150 ml) of melamine (210 mg) and formaldehyde 
(0.32 ml) and subjected to ultrasonic treatment (22 kHz, 
400 W) for 15 min. The dispersion was then heated to 
70 °C with constant stirring. Continuous sonication was 
used to prevent the secondary agglomeration and sedimen-
tation deposition of CNTs from the dispersion. The MF 
polymerization was initiated by adding a KOH solution to 
achieve the pH level of about 8–9. The reaction time was 
of 3 h. After cooling, the excess of water was removed by 
a rotary vacuum evaporator. The resulting gelled sample 
was completely dried in an oven at 60 °C for 24 h.

Synthesis of Pt/CNT catalysts

Pt/C catalysts were prepared using a procedure similar to 
that described in [38, 39]. The carbon support was sus-
pended in an  H2PtCl6 solution, and the suspension was 
heated to 80 °C. Next, a NaOOCH + Na2CO3 solution was 
dosed into the suspension under vigorous stirring and the 
suspension was then aged at pH 6–7 and 80° C for 1 h. 
The completeness of platinum deposition was checked by 
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performing a qualitative HCl + SnCl2 test for platinum in 
the mother solution. Thereafter, a NaOOCH +  Na2CO3 
solution was added until pH 8–9 and the mixture was left 
standing for 30 min, cooled, and filtered. The substance 
collected on the filter was washed with distilled water until 
free  Cl− ions were determined by  AgNO3 tests. The result-
ing solid was dried in vacuum at 80 °C, and the catalyst 
was finally reduced with flowing  H2 at 150 °C.

Physico‑chemical characterizations

Texture of the carbon supports was characterized by 
low-temperature nitrogen sorption using an ASAP 
2400 instrument (Micromeritics). Surface area and 
pore size distribution of the samples were calcu-
lated using Brunauer–Emmett–Teller (BET) and Bar-
rett–Joyner–Halenda (BJH) equations from the desorption 
branch of the isotherms. Carbon samples were treated at 
300 °C up to a residual pressure of  10−3 torr. The ini-
tial branch of the  N2 adsorption isotherm in a range of 
P/P0 = 0.05–0.2 was used to calculate the BET spe-
cific surface area (SBET), while a value of the isotherm 
at P/P0 = 0.98, to determine the total pore volume (V∑) 
having a diameter less than 110 nm. Pore diameter (D) 
was calculated by the BET model using the formula 
D = 4V∑/SBET. Relative errors in determination of specific 
surface area of the carbon support were 10%. High-resolu-
tion transmission electron microscopy (HRTEM) studies 
were performed using an electron microscope JEM-2010 
(JEOL, Japan) with a resolution of 0.14 nm and lattice 

accelerating potential of 200 kV. Size distributions of Pt 
nanoparticles were obtained using HRTEM data. The aver-
age particle size (dN

TEM) and the surface average particle 
size (ds

TEM) were calculated using the following equation 
[40]:

where d represents the average particle size (dN
TEM at k = 1) 

and the surface average particle size (ds
TEM at k = 3). The 

number of particles used for the calculations was not less 
than 500.

XPS experiments were performed using a photoelectron 
spectrometer KRATOS ES 300. To assess the qualitative 
composition of the surface and determine the presence 
of impurities, the spectra were obtained in the range of 
0–1150 eV with a 1 eV step at an energy transmission ana-
lyzer with hν = 50 eV. The quantitative composition of the 
surface and the charge state of elements were determined 
by obtaining precision photoelectron spectra of individual 
lines in increments of 0.1 eV at an energy transmission 
analyzer with hν = 25 eV. The primary radiation was the 
magnesium Kα line (hv = 1253.6 eV). The dispersion (DPt) 
of Pt nanoparticles in Pt/C catalysts was determined by 
pulsed CO chemisorption at 20 °C (gas-phase CO titra-
tion, GPT) as a ratio of the total Pt surface atoms to the 
total number of metal atoms in the sample (NΣ), suggest-
ing that the Pt surface atoms bind CO to a ratio of CO/

(1)d =

∑

i nid
k
i

∑

i nid
k−1
i

,

Fig. 1  Synthesis scheme of nitrogen-containing polymers on the surface of CNTs. 1 Polymerization of melamine (CNT-M), 2 synthesis of a 
melamine–formaldehyde resin (CNT-MF)
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Pt = 1 (mol mol−1) [41]. Generally, for Pt/C catalyst with 
a spherical shape of Pt nanoparticles, the average volume-
surface diameter (ds) of platinum crystallites can be cal-
culated using the formula ds

GPT (nm) = 1.08/DPt [41]. This 
method was described in the literature [41, 42] and used 
for Pt dispersion determination in Pt/C catalysts [39, 40, 
43]. The relative errors were 10%. Theoretical Pt surface 
area (SPt

GPT,  m2 gPt
−1) was determined as SPt

GPT = 6/ρds
GPT.

Electrochemical measurements

A given amount of a catalyst (1 mg ml−1) was dispersed in 
a mixture of isopropanol and Milli-Q water (3:2 v/v) and 
treated in an ultrasonic bath until a stable suspension was 
obtained (approximately 30 min). An aliquot of the suspen-
sion of a catalyst powder was pipetted on the clean and dry 
surface of the polished GC rod (Alfa Aesar, type 1 with the 
diameter of 5 mm) and dried under Ar flow at ambient tem-
perature for 40 min. The Pt content was 36 μg cm−2. Before 
measurements, the prepared working electrodes Pt/C/GC 
were cycled at a sweep rate of 50 mV s−1 in the supporting 
electrolyte (Ar purged 0.1 M  HClO4) to obtain a stable cyclic 
voltammetry (CV) curve. Generally, up to five CV pretreat-
ment cycles were performed to achieve a stable CV curve.

Electrochemical measurements were performed in a 
temperature-controlled three-electrode glass cell using a 
potentiostat Autolab PGSTAT100 and a rotating disk elec-
trode Autolab RDE at 25 °C in a solution of 0.1 M  HClO4. 
Reference electrode served as a RHE: Pt/H2(g)/H+ (electro-
lyte). The counter electrode was a Pt foil. All potentials are 
given relative to RHE. Electrochemically active surface of 
platinum  (EASPt) was determined in electrochemical cell 
(EC) or in membrane electrode assembly (MEA) from the 
charge (QCO) obtained by integrating the CO-adsorbed elec-
trooxidation peak using specific charge of CO monolayer 
platinum (qCO = 420 μC cm−2 [44]), mass of platinum (m) 
and the following equation:

Pt utilization in electrochemical cell (EC) or in MEA was 
determined using the following equation:

The electrocatalytic activities of Pt/C catalysts in the 
ORR were determined in electrochemical cell using the RDE 
method. The electrolyte was saturated with pure oxygen for 
20 min, and the current–potential curves were recorded 
(1.10–0.30 V vs. RHE; 10 mV s−1) at various rotation rates 
of the disk electrode, from 400 to 3600 rpm. Before the 

(2)EAS
EC,MEA

Pt
=

QCO

qCO ⋅ m
.

(3)U
EC,MEA

Pt
=

EAS
EC,MEA

Pt

SGPT
Pt

.

measurements, the electrode was held at 1.10 V during 
120 s to equilibrate the system. Diffusion current (ID) was 
determined at the electrode potential of 0.4 V. Kinetic cur-
rent (Ik) was calculated at 0.90 V according to the following 
equation:

where ID is the diffusion current at 0.4 V (A), I is the meas-
ured current (A), and Ik is the kinetic current (A).

Mass (MA) and surface (SA) catalytic activities were 
determined at 1600 rpm by dividing the kinetic current 
obtained at 0.9 V by mass and surface of platinum, respec-
tively. Effective activation energy was estimated in the 
10–35 °C temperature interval using Arrhenius equation:

where Ik is the kinetic current at a given overpotential,  CO2 
(T) is the oxygen concentration in electrolyte, which depends 
on the temperature, A is the constant, and Eact

eff is the effective 
activation energy.

Fuel cell

Before using, Nafion 212 NRE (Sigma-Aldrich Co.) mem-
branes were treated at 80 °C for 1 h sequentially in 1 M 
 H2SO4 (high purity), 1 M  H2O2 and distilled water. Commer-
cial 20 wt% Pt/Vulcan XC-72 was used as the anode catalyst. 
40% Pt/CNT (Pt/CNT), 40% Pt/CNT-M (Pt/CNT-M) and 
40% Pt/CNT-MF (Pt/CNT-MF) were used as the cathode 
catalysts. Carbon Toray paper (TGP-H-120) and Sigracet 
25BS (SGL Technol.) were used as the cathode and anode 
gas diffusion layers (GDL), respectively. The choice of such 
GDL is based on the experimental data found in our group, 
which showed that MEA based on these types of GDL 
results in the highest specific power in the PEMFC. Pt load-
ing on the anode was 0.2 mgPt cm−2. Pt and Vulcan XC-72 
loading on the cathode was 0.1 mgPt cm−2 and 0.6 mg cm−2, 
as it was reported in [43]. The addition of carbon support to 
the electrode can improve significantly the performance of 
the MEA, as was pointed out in [43]. Nafion content in the 
electrode layer was 25 wt% with respect to the total weight 
of the layer.

Catalyst ink was prepared by the following procedure. 
A weighed sample of the catalyst powder was added to 
300  μl of a 50  vol.% solution of isopropyl alcohol in 
water. The solution was shaken intensively and treated for 
25 min in an ultrasonic bath. This procedure was repeated 
two times. The required amount of  Nafion® (5 mass.% 

(4)IK =
ID ⋅ I

ID − I
,

(5)Ln
Ik

CO2
(T)

= A −
Eeff
act

RT
,
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dispersion in water, Aldrich) was added to the ink and 
treated in an ultrasonic bath for another 25 min.

Preparation of MEA was as follows. First, the mem-
brane was covered with  Nafion® binder at both sides by 
spraying 82 μl of  Nafion® dispersion in water, followed by 
baking at 130 °C during 40 min. Then the catalyst ink was 
sprayed by airbrush on the membrane heated to 60–80 °C. 
To provide better contact, the membrane coated with cath-
ode and anode electrode layers was pressed between two 
Teflon sheets at a temperature of 130 °C and a pressure of 
5 atm during 1.5 min. Before measurements, the catalytic 
membrane was sandwiched between the anode and cath-
ode GDL and placed in a fuel cell (Electrochem. Inc.). 
The geometric surface area of the working electrodes was 
5 cm2. The polarization curves were recorded at 82 °C in 
two modes. The first one (Mode 1) was a galvanostatic 
mode with a scan rate of 0.001 A s−1 (at 0–0.02 A cm−2 in 
the current density range) and 0.01 A s−1 (at a current den-
sity higher than 0.02 A cm−2). In the second mode (Mode 
2), the potential was stepped from 0.3 to –0.9 V with every 
0.05 V. The current was measured after 2 min of the poten-
tial established indicating the reversible conditions.

The streams of hydrogen (100% RH) and oxygen (70% 
RH) were supplied to the anode and cathode at rates of 
2.4 and 4.8 ml s−1, respectively. Polarization curves were 
recorded using potentiostat Autolab PGStat302N and 
booster Autolab BSTR20A. Electrochemically active sur-
face area of platinum in the Pt/C catalysts was determined in 
a fuel cell at 75 °C using electrooxidation of adsorbed CO. 
In this experiment, the anode was supplied with hydrogen 
(100% RH), while the cathode was first purged with CO 
during 15 min at a potential of 0.05 V, and then CO was 
replaced by He flow at the same potential for another 15 min. 

CV of CO electrooxidation were collected in the 0.05–1.2 V 
potential range with a 0.05 V s−1 scan rate.

Impedance measurements (EIS) were performed during 
Mode 2 potentiostatic experiments in the  10−1–105 Hz fre-
quency region with 0.01 V of potential amplitude.

Results and discussion

Nitrogen‑modified CNT supports

Melamine (Fig. 1-1, CNT-M) and melamine–formaldehyde 
resin (Fig. 1-2, CNT-MF) were employed as a coating for the 
CNT surface due to the high content of N-containing groups 
(the nitrogen content in the melamine–formaldehyde resin 
is ~ 55.6 wt%), an aromatic nature and a planar structure. 
The last two characteristics are of particular interest for pro-
viding uniform coating and high adhesion of N-containing 
polymers to the CNT surface. According to the XPS data 
(Fig. 2), the modification leads to the appearance of nitro-
gen-containing groups on the surface of nanotubes with a 
content of atoms of 1 and 8.3 at.% for CNT-M and CNT-MF 
samples, respectively.

According to the low-temperature nitrogen adsorption 
data (Table 1), the specific surface area of the samples is 
reduced compared to the original CNT. This is due to the 
fact that the mass of the modified nanotube was increased, 
while the surface did not change much.

XPS data (Fig. 2) indicate the presence of three nitro-
gen components on the surface: 398.6 eV—pyridinic nitro-
gen (45–52%), 399.8 eV—pyrrolic or nitrile (43%), and 
401 eV—within graphitic structure (5–12%) [45, 46]. These 
data are in well agreement with the types of nitrogen groups 

Fig. 2  XPS spectra of the N1s line with inelastically scattered electrons background subtracted using the Shirley model and deconvolution using 
the pseudo-Voigt function deconvolution for samples CNT-M (left) and CNT-MF (right)



 Materials for Renewable and Sustainable Energy (2019) 8:7

1 3

7 Page 6 of 13

that could be formed in the polymerization reactions (Fig. 1). 
Polymerization of melamine on the surface of MWCNTs 
(CNT-M) leads to a lower concentration of pyridinic and 
pyrrolic groups and a higher content of nitrogen in graphitic 
structure (Table 1). High surface concentration of pyridinic 
and pyrrolic groups, which are the anchoring sites for plati-
num ions, allows us to expect a homogeneous distribution 
of the dispersed active component.

The morphology of Pt nanoparticles

The TEM data (Fig. 3) show that platinum nanoparticles 
are distributed uniformly over the surface of the catalysts 
studied. The shape of the particles in all the samples is close 
to spherical, allowing the estimation of the average particle 
size (Table 2). In some samples (Pt/CNT and Pt/CNT-M), 
extended worm-like structures are occasionally observed, 
which consist also of spherical particles. Compared to the 
Pt/CNT catalyst, the average size of platinum nanoparticles 
in the nitrogen-modified samples is lower, presumably due to 
the high specific surface area and concentration of defective 
centers for the adsorption of platinum induced by polymer-
ized resins. Nitrogen modification of CNT surface decreases 
dN

TEM from 2.8 (Pt/CNT) to 2.3 (Pt/CNT-M) and 1.8 nm (Pt/
CNT-MF). This is in line with the literature data, where a 
smaller Pt size was obtained on N-modified CNT [47] and 
correlates with the TEM data—Pt nanoparticles are local-
ized mainly on N-containing coatings (Fig. 4). At the same 
time, the smallest average size of platinum nanoparticles is 
observed for the Pt/CNT-MF sample, in which the maximum 
concentration of surface nitrogen groups is observed (see 
Table 1).

A good agreement is observed between the surface-aver-
aged size of Pt nanoparticles in the Pt/CNT sample obtained 
by gas-phase CO titration (ds

GPT) and TEM data (ds
TEM), 

indicating that the TEM data describe adequately the entire 
surface of these catalysts. For the modified samples, higher 
ds

GPT values are found as compared to ds
TEM. This implies 

that a part of the active component is in the form of coarse 
particles with a large diameter, which were not taken into 
account when calculating the particle size distribution. All 
the catalysts except Pt/CNT have a narrow size distribution.

Electrochemical properties of Pt/C catalysts

According to the cyclic voltammetry analysis (CVA) 
data (Fig. 5-1), the Pt surface in Pt/C catalysts is typi-
cal of polycrystalline platinum. Peaks in the hydrogen 
region (0.05–0.4 V) and in the oxygen compound region 
(0.6–1.2 V) are well observed. Electrochemical oxidation of 
a monolayer of adsorbed CO (Fig. 6-2) is represented by the 
main oxidation peak of  COads at potentials of 0.82–0.85 V 
in all the catalysts. An additional band is found in the lower 
potentials (0.65–0.74 V), which is most pronounced for the 
Pt/CNT sample. According to the literature, it refers to the 
oxidation of CO adsorbed either at points of contact between 
platinum particles or on the surface of large platinum parti-
cles [48, 49]. The presence of two peaks in CO electrooxi-
dation was also observed for the Pt catalyst supported on 
carbon nanofilaments, which was attributed to a better metal-
support interaction [50]. Electrochemically active surface of 
Pt (EASPt

EC) was obtained from the CO electrooxidation data, 
and utilization factors were obtained as a ratio of  EASPt to 
the total Pt surface determined from the gas-phase CO titra-
tion (Table 2). It is found that EASPt

EC obtained for nitrogen-
modified samples are higher than that found for Pt/CNT. 
This effect is undoubtedly due to the nitrogen influence: the 
smaller Pt nanoparticle size as well as the higher utilization 
ratio of active component (Table 2). The ORR curves of the 
catalysts are shown in Fig. 5-3. Good linear dependences 
in the Koutetsky–Levich coordinates were found for all the 
catalysts (Fig. 5-4).

The mass and surface activities as well as effective 
activation energies of the catalysts were obtained at 0.9 V 
from the ORR curves for both the anode and cathode scans 
(Table 3). Interestingly, the catalysts based on nitrogen-
modified supports demonstrate a much higher Pt utilization 
ratio (0.8–0.9), as compared to that of Pt/CNT sample (only 
0.6) (Table 2). Such a difference could be due to the effect 
of nitrogen modification of the supports. The analysis of 
Table 3 reveals that Pt/CNT-MF with the N content of 8.3 
at.% has the highest mass activities in both the anode and 
cathode scans, which could be due to the high utilization of 
Pt nanoparticles. Interestingly, the Pt-free CNT sample with 
the nitrogen content of 8.4 at.% showed the best performance 
in the ORR in the series of CNT with the 0–10.7 at.% N 

Table 1  Low-temperature 
nitrogen adsorption and XPS 
data: specific surface area 
(SBET), pore volume (Vpore) 
and atomic content of nitrogen 
groups

Sample SBET  (m2·g−1) Vpore  (cm3·g−1) Nitrogen group content (at.%)

Pyridinic 
398.6 eV

Pyrrolic 
399.8 eV

Graphitic 
401.0 eV

Ntotal

Vulcan 230 0.33 – – – –
CNT 260 1.2 – – – –
CNT-M 130 0.8 0.45 0.43 0.12 1
CNT-MF 160 0.87 4.32 3.57 0.42 8.3
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content. This was ascribed to the high concentration of pyri-
dinic groups in this sample [51]. However, the surface activ-
ity of this sample in the anode scan (245 μA cmPt

−2) is lower 
than that of Pt/CNT sample (288 μA cmPt

−2), which is due 
apparently to the size effect. The mass and surface activities 

of the Pt/CNT-MF sample in the cathode scan were found 
to be the highest ones among the catalysts. The activities 
obtained in this work are higher than that reported in the lit-
erature for Pt/C@PANI (30%) catalysts (68 mA mgPt

−1) [52].
The lower activity of the catalysts measured in the cath-

ode scan direction, as compared to the anode scan direction, 
is well known in the literature [53, 54] and caused by block-
ing of the active sites by oxygenated compounds adsorbed 
on platinum [54, 55]. The higher mass and surface cathodic 
activities of the nitrogen-modified Pt/CNT-MF sample are 
possibly associated with a larger surface area of Pt nanopar-
ticles that is not blocked by oxygen groups when a poten-
tial of 0.9 V is reached in the cathode scan [56–58]. The 
effective activation energies obtained in this work at over-
potential η = 0.323 V (37.3–40.8 kJ mol−1 in anodic scan) 
well correspond to the literature values of 38–49 kJ mol−1 
at η = 0.3 V and 20–33 kJ mol−1 at η = 0.35 V [59] obtained 
for Pt/C catalysts. Modification of CNT with nitrogen virtu-
ally does not change the effective activation energy in the 
anode scan, whereas a noticeable decrease is observed on 
the cathode scan. Most probably, the higher activity and the 
lower effective activation energy observed at the cathode 
scan in N-modified CNT are explained by the interaction of 
Pt with N-centers of the CNT surface, which was reported 
in the literature [47].

Performance in PEMFC

The catalysts obtained were studied in PEMFC with 
0.1 mg cm−2 of Pt loading on cathode added with Vulcan 
XC-72 carbon. Figure 6 shows the polarization curves and 
the specific power densities obtained for the Pt/C catalysts 
prepared here. Analysis of the results shows that the per-
formance of the catalysts in PEMFC, measured by the both 
galvanostatic (Mode 1) and potentiostatic (Mode 2) methods 
virtually coincide (Table 4), indicating that the results were 
obtained under equilibrium conditions. The performance of 
the catalysts is in line with nitrogen content in the samples: 
Pt/CNT-MF > Pt/CNT-M > Pt/CNT, which is consistent with 
the literature data for Pt-free catalysts [23].

To evaluate the effect of various factors affecting the per-
formance of the catalysts, an electrooxidation of adsorbed 
CO monolayer in PEMFC (Table 4) as well as impedance 
spectroscopic studies were conducted. The dependences of 
the real part (Z′) of the impedance on the imaginary part 
(Z″) measured at different potentials are displayed in Fig. 7.

Table 4 presents the maximum specific power density and 
utilization of Pt in electrochemical cell (UPt

EC) and in PEMFC 
(UPt

MEA) for all the catalysts studied. The UPt
MEA correlates 

well with the UPt
EC. As in the first case, the largest values 

(0.77–0.91) are shown by the catalysts with N-functionalized 
carbons (Table 4).

Fig. 3  TEM micrographs of the catalysts: Pt/CNT (1), Pt/CNT-M (2) 
and Pt/CNT-MF (3). Insets: Pt particle size distribution average size 
(dN

TEM, black) and surface average size (dS
TEM, gray)
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The impedance represented by the Nyquist diagram 
(Fig. 7) is the sum of anode and cathode impedances. Since 
the anode impedance is much smaller than the cathode one 
due to a higher activity in the hydrogen oxidation reaction as 
compared to that of the ORR, the impedance obtained can be 
regarded as cathodic. The membrane resistance determined 
at a high frequency (see insets in Fig. 7) for all the catalysts 
lies in the range of 50–75 mΩ cm2

geo and depends little on 
the applied potential. The semicircle diameter at medium 
frequency (Rct) is the resistance of charge transfer in the 
ORR and is determined by the activity of the catalyst. From 
the data presented, it can be concluded that at a potential of 
800 mV, for all the catalysts Rct is approximately the same 
and lies in the range of 43–48 Ω cm2

Pt. With a decrease in 
the potential to 600 mV, a decrease in Rct and appearance of 
the second low-frequency semicircle is observed at 400 mV 
for all the catalysts; this is known in the literature as a char-
acteristic of transport restrictions. According to the data 
presented, Pt/CNT catalysts show the best performance at 
400 mV (Rct = 6.3 Ω cm2

Pt). Catalysts based on functional-
ized nanotubes also show close but little higher values   of Rct, 
13.5 Ω cm2

Pt. At 300 mV, all the catalysts show an increase in 
resistance. This is most likely due to flooding of the catalyst 
layer, since under these conditions a maximum current is 

achieved, producing much water. Thus, the following con-
clusions can be drawn from the data obtained.

1. At low overvoltages (E = 800 mV), the catalysts show 
similar Rct values, indicating close values of the specific 
catalytic activity of Pt in the ORR in PEMFC.

2. At high overvoltages (E = 400 mV), the specific activi-
ties of nitrogen-containing (Pt/CNT-M and Pt/CNT-MF) 
catalysts are similar and lower than that of Pt/CNT sam-
ple.

3. With a further increase in overvoltage (E = 300 mV), the 
transport constraints, possibly flooding, are found for all 
the catalysts, with the strongest effect of such limitations 
being observed for the Pt/CNT-M sample.

Discussion

It should be noted that the catalysts based on nitrogen-
functionalized carbon nanotubes with a low-Pt loading 
(0.1 mg cm−2) showed the specific power density values 
(5.5–6.2 W mgPt

−1) higher than those obtained in the literature 
for Pt/CNT and Pt/N-CNT catalysts (Table 5).

Table 2  Average size (dN) and 
average surface size (ds) of 
Pt nanoparticles obtained by 
microscopy (TEM) and gas-
phase CO titration (GPT)

Also, presented here are Pt dispersion (DPt), specific Pt surface area obtained by GPT method (SPt
GPT) and 

from CO electrooxidation (SPt
CO) and utilization ratio, obtained as the ratio of SPt

CO/SPt
GPT

Catalysts TEM Gas-phase CO titration CO electroox. Utilization

dN
TEM (nm) ds

TEM (nm) DPt ds
GPT (nm) SPt

GPT  (m2 gPt
−1) SPt

CO  (m2 gPt
−1) UPt

EC

Pt/CNT 2.8 ± 1.0 3.4 ± 1.0 0.32 3.4 82 46 0.56
Pt/CNT-M 2.3 ± 0.7 2.7 ± 0.9 0.26 4.2 66 60 0.91
Pt/CNT-MF 1.8 ± 0.6 2.3 ± 0.8 0.30 3.6 78 60 0.77

1 2

Fig. 4  TEM micrographs with high magnification of the catalysts: Pt/CNT-M (1) and Pt/CNT-MF (2). Arrows show the film of melam (1) and 
melamine–formaldehyde resin (2). Pt nanoparticles are attached to the modified layers
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Modification of carbon nanotubes with nitrogen-con-
taining polymers leads to a lower Pt average size, which is 
related to a higher concentration of the anchoring sites for Pt 
ion adsorption during the synthesis of Pt/C catalysts. This, 

in turn, might result in a higher utilization ratio of the active 
Pt component observed in electrochemical cell as well as 
in the PEMFC. The lower activity of the catalysts based on 
nitrogen-modified (N-CNT) nanotubes in the ORR, found in 
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electrochemical cell, can be related to the size effect, which 
has been well documented in the literature [60]. In fact, it 
can be seen from Fig. 3 that these catalysts have a maximum 
amount of ca. 2 nm particles, which show minor activities in 
the ORR [60]. The lower activities of Pt/CNT-M(F) catalysts 

are corroborated by the higher Rct found by impedance meas-
urements. Nevertheless, these catalysts show higher specific 
power densities in PEMFC as compared to Pt/CNT catalyst; 
this is caused by the high utilization of Pt (up to 0.91) in the 
cathode electrode (Table 4).

Table 3  Mass and surface 
activities and effective 
activation energies obtained at 
0.9 V using anode and cathode 
scans

Catalysts Mass activity (A gPt
−1) Surface activity (μA cmPt

−2) Effective activation energy 
(kJ mol−1)

Anode Cathode Anode Cathode Anode Cathode

Pt/CNT 133 33 288 72 38.4 ± 0.8 47.7 ± 1.1
Pt/CNT-M 101 30 169 50 37.3 ± 0.5 42.4 ± 0.5
Pt/CNT-MF 147 68 245 113 40.8 ± 0.8 43.1 ± 1.7

Table 4  Electrochemically 
active surface area of Pt 
obtained in MEA (EASPt

MEA) 
as the total Pt surface  (cm2), 
specific Pt surface area 
 (m2 gPt

−1), maximum power 
densities and utilization ratio 
obtained in electrochemical cell 
and MEA

Sample EASPt
MEA  (cm2) EASPt

MEA 
 (m2·gPt

−1)
Maximum power density 
(W cm−2

geo)
Pt utilization

Mode 1 Mode 2 UPt
MEA UPt

EC

Pt/CNT 120 24 0.34 0.39 0.29 0.56
Pt/CNT-M 260 52 0.55 0.54 0.79 0.91
Pt/CNT-MF 350 70 0.62 0.60 0.84 0.77

Fig. 7  Nyquist plots for the 
catalysts measured at potentials 
0.8 V (1), 0.6 V (2), 0.4 V (3) 
and 0.3 V (4). Real and imagi-
nary parts of impedance were 
corrected for the electrochemi-
cally active surface of Pt in 
MEA (Table 4). In the inset, the 
high-frequency regions are pre-
sented without EAS correction
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Variation of the methods for modifying the surface of 
carbon nanotubes by nitrogen-containing polymers makes 
it possible to control the content of surface nitrogen groups. 
The highest concentration (8 at.%) was obtained using the 
surface polymerization of the melamine–formaldehyde 
resin. The higher activity values in the ORR and specific 
power density in PEMFC are observed for Pt/CNT-MF cata-
lyst with a high content of nitrogen surface groups. This is 
especially noticeable when comparing the activities obtained 
in the cathode scans (see Table 3), where the platinum sur-
face is covered mainly with oxygen compounds.

Conclusions

A series of multi-walled carbon nanotubes (CNT) modi-
fied with nitrogen-containing groups was synthesized. The 
modification was carried out using two surface polymeriza-
tion approaches: (1) melamine adsorbed on the surface of 
nanotubes (CNT-M), and (2) melamine–formaldehyde resin 
(CNT-MF). According to XPS, the observable nitrogen con-
tent in CNTs was of 1 and 8.3 at.%, respectively. According 
to CO gas-phase titration and TEM data, 40 mass. % Pt/C 
catalysts synthesized using nitrogen-modified carbon nano-
tubes showed almost uniform distribution of metal nano-
particles with the surface average size of 3–4 nm. However, 
the nitrogen-modified catalysts showed a greater part of Pt 
nanoparticles with the 0–2 nm dimension. Electrochemical 
studies of the catalysts revealed a high utilization degree of 

the active component (0.8–0.9) in nitrogen-modified cata-
lysts, while Pt/CNT catalysts showed a lower value (0.6).

A comparison of the performance of the catalysts in 
PEMFC with 0.1 mg cm−2 Pt loading on the cathode and 
the impedance data showed that the Pt/CNT catalyst was the 
most active one, with, however, the lower specific power of 
0.34–0.39 W cm−2, which is due to the low electrochemi-
cally active surface of the latter in MEA (24 m2 gpt

−1 for Pt/
CNT) as found from the CO electrooxidation. On the other 
hand, nitrogen-modified Pt/CNT catalysts showed high val-
ues of specific power (0.54–0.55 W cm−2 for Pt/CNT-M 
with 1 at.% of nitrogen content, and 0.60–0.62 W cm−2 for 
Pt/CNT-MF with 8.3 at.% of nitrogen content). Since their 
activity according to the impedance method is similar, the 
difference in specific power is attributed to differences in the 
utilization ratio of Pt in MEA (0.79 and 0.84 for Pt/CNT-M 
and Pt/CNT-MF, respectively).
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Table 5  Comparison of 
maximal power densities per 
geometrical area and mass of 
Pt obtained in this work and 
reported in the literature

a The authors did not point out the scan rate of I–V curve
b At 0.6 V

Cathode catalyst Tempera-
ture (°C)

Pt load on cath-
ode  (mgPt cm−2)

Maximal power 
density (W cm−2)

Specific power 
density (W mgPt

−2)
References

Pt/CNT-M 82 0.1 0.55 5.5 This work
Pt/CNT-MF 82 0.1 0.62 6.2 This work
Pt/cCNT 80 1.0 0.661 0.66 [14]
Pt/SDS-MWCNT 60 0.2 0.451 2.3 [19]
Pt/CNTs – 0.2 0.89 4.5 [29]
Pt/ED-CNTs – 0.2 1.04 5.2 [29]
Pt/CNT-ST 80 0.6 0.49 0.82 [20]
Pt/MWCNT 80 0.4 0.35 0.88 [61]
Pt/N-CNT 80 0.2 0.7 3.5 [26]
Pt/N-MWCNT 60 0.25 0.54 2.2 [27]
CNT/NC/Pt 70 0.1 0.65a 6.5 [30]
PANI@Pt/C 70 0.2 0.7b 3.5 [50]
Pt/VC 60 0.2 0.384 1.92 [62]
Pt/N-graphene 70 0.5 0.704 1.41 [63]
PtPd/C-N 65 0.3 0.4805 1.60 [64]
Pt 65 0.3 0.5431 1.81 [64]
Ag@Pt/C 80 0.5 0.47895 0.96 [65]
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