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A B S T R A C T   

Platinum-based catalysts remain the top choice for oxygen reduction reaction (ORR) in fuel cells. However, their 
activity and durability in the acidic medium are still under improvement. In this work, the Pt nanoclusters 
anchored the nitrogen-doped carbon nanotubes (Pt-NCNTs) have been synthesized by using a series process of 
pyrrole coating on the CNTs and subsequent pyrolysis to the chemical immersion reduction of Pt ions. The inner 
CNTs of Pt-NCNTs function as the nanowires offering a high-speed pathway for electron transport, and the Pt 
nanoclusters increases the active sites. The theoretical calculation demonstrates that the local structural defects 
and the uneven charge distribution induced by nitrogen-containing functional groups and porous structure are 
favorable to capture Pt ions for the nucleation of Pt nanoclusters. Compared with the commercial 40 wt% Pt/C 
(0.94 and 0.80 V), the Pt-NCNTs-1000 with Pt loading amount of 33.0 wt% owns the more positive onset po-
tential and half-wave potential of 0.97 and 0.81 V in the sulfuric acid medium. Meanwhile, the strong attachment 
of Pt nanoclusters on the nitrogen-doped porous carbon layer results in a stable interface to effectively prevent 
the metallic species from migration and agglomeration during the electrode reactions. Therefore, the ORR 
current of Pt-NCNTs-1000 retained 84.3% of the initial value after 50000 s operation superior to the commercial 
Pt/C (64.6%).   

1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) are gaining wide-
spread attention for their efficient energy conversion, low operation 
temperatures, and eco-friendliness [1–3]. However, the sluggish kinetics 
of oxygen reduction reaction (ORR) at the cathode become a significant 
barrier for commercialization. A various materials have been developed 
to enhance the kinetic and efficiency of ORR [4–10]. Among these 
materials, platinum-based surface stands out as the most active and 
durable catalysts for ORR in acidic environments. Regrettably, Pt-based 
catalysts still suffer from the drawbacks of high cost, Pt dissolution in 
acidic conditions, Ostwald ripening and particle detachment, resulting 
the limited durability. Consequently, the current research on Pt-based 

catalysts in acidic environments focuses on two key aspects. One 
aspect involves enhancing the utilization of catalytic active sites while 
reducing Pt content for cost reduction. The other aspect focuses on 
optimizing the interaction between Pt and the support to decelerate Pt 
migration and aggregation during ORR for durability [11–13]. 

Reducing the size of Pt catalysts can increase the likelihood of pro-
tons, O2, and electrons coming into contact with the surface, thereby 
promoting the electrochemical reactions to utilize the active sites 
[14–16]. However, Pt nanoclusters (Pt NCs) must be strongly anchored 
to prevent their agglomeration and detachment from the carbon sup-
ports for long-cycled activity. To optimize the physical-chemical prop-
erties of carbon supports including a high specific surface area, 
well-defined pore structure, and abundant surface functional groups, 
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has emerged as an effective strategy to downsize Pt and enhance the 
stability of catalysts. Xia et al. utilized the galvanic reaction between a Pt 
precursor and an amorphous Se film, to prepare the well-dispersed Pt 
NCs on the carbon support. Meanwhile, the Pt NCs can be securely 
anchored to the carbon support through Pt-Se-C linkages. The resulted 
catalyst exhibited strong interaction of metal-support and good dura-
bility [17]. Zhou et al. used the porous COF-derived carbon to anchor Pt 
atoms and nanoclusters. The catalysts as prepared ultimately catalyzed 
the ORR with high activity and exceptional stability in acidic conditions 
[18]. 

Porous carbons are typically used to enhance and enlarge the elec-
trochemical area and the conductivity of catalysts. Consequently, a 
suitable porous carbon support is of paramount importance [19]. Car-
bon nanotubes (CNTs) are frequently employed as catalysts support 
owing to the one-dimensional structure with good conductivity [20–24]. 
However, the inert surface of CNTs generally leads to weak interfacial 
interactions with metal catalysts. Therefore, surface modifications 
introducing functional groups are needed to create strongly anchor sites. 
Although post-treated or heteroatom-doped CNTs bring a more active 
surface to strengthen the interactions with catalysts, it also damages the 
characteristic structure of CNTs to decrease the conductivity [25–27]. 
Therefore, it still is a challenge to firmly anchor Pt NCs without affecting 
the intrinsic structure of CNTs. Comparing with post-treatment and the 
direct doping heteroatoms into the CNTs, coating the polymer con-
taining nitrogen on the CNTs, such as polypyrrole, followed by heat 
treatment in an inert atmosphere to convert the polypyrrole into 
nitrogen-containing carbon layers, resulting in CNTs encapsulated by 
nitrogen-doped carbon layers (NCNTs). This treatment not only in-
troduces nitrogen-containing functional groups into the outer carbon 
layers, enhancing its surface properties but also preserves the original 
graphitized structure of the internal CNTs, ensuring superior electron 
transport capabilities. Moreover, the nitrogen atoms in the 
nitrogen-doped porous carbon layers of the CNTs significantly enhance 
the catalytic performance of ORR. The NCNTs is consisted of the inner 
CNTs and the outer N-doped porous carbon layer (NPCL). The NPCL 
derives from the conversion of pyrroles, and thus the thickness of NPCL 
can be controlled at less than 10 nm. Such thin and porous N-doped 
carbon layer can improve the deposition and utilization of Pt NCs. On 
the other hand, the inner CNTs with high graphitization can act as a 
good electronic conductor for the electrons transfer during the reaction. 
Meanwhile, the nitrogen-containing functional groups and the abundant 
micropores can enhance the interaction between the carbon matrix and 
Pt NCs to improve the durability of catalyst. 

In this study, the Pt-loaded NCNTs (Pt-NCNTs) was prepared through 
the pyrolysis of pyrrole coating and chemical immersion reduction of 
H2PtCl6. The nitrogen groups and the abundant micropores within the 
carbon layer induce electronic structure modifications to enhance the 
strong interaction between Pt NCs and carbon support. Compared with 
commercial 40 wt% Pt/C catalysts, Pt-NCNTs-1000 with Pt content of 
33.0 wt% exhibits an excellent durability with an impressive 84.3% 
retention ratio of the current density after continuous operation of 
50000 s, which could be attributed to that nondestructive CNTs function 
as electron nanowires to maintain a high rate electron transfer and 
strong attachment of Pt NCs onto the N-doped porous carbon layers 
prevents Pt NCs from the migration and agglomeration during contin-
uous electrode reactions. 

2. Experimental 

2.1. Chemicals and regents 

Carbon nanotubes (CNTs) were obtained from the Institute of Metal 
Research, Chinese Academy of Science. 40.0 wt% Pt/C catalyst was 
obtained from Johnson Matthey, the United States. Pyrrole (C4H5N, ≥
99.8%), Ammonium Persulfate ((NH4)2S2O8, ≥ 99.7%), Hydrochloric 
acid (HCl, 1 M), Dihydrogen hexachloroplatinate (IV) hexahydrate 

(H2PtCl6⋅(H2O)6, ≥ 99.7%), Sodium borohydride (NaBH4, ≥ 99.7%), 
Sulfuric acid (H2SO4, ≥ 99.7%), and Sodium hydroxide (H2SO4, ≥
95.0%) were obtained from Sinopharm Chemical Reagent Co., Ltd. Ul-
trapure N2 and O2 were supplied by the Anshan Angang gas Limited 
Liability Company. All the aqueous solutions were prepared with ul-
trapure water supplied by an ultrapure water system. 

2.2. Synthesis of the NCNTs, Pt-NCNTs, Pt-CNT and Pt-NPCs 

The NCNTs were synthesized via an in-situ polymerization process 
involving pyrroles on the CNTs. Subsequently, the resulting polypyrrole- 
coated CNTs (PPy@CNTs) underwent treatment in an inert atmosphere 
to transform the PPy coating into nitrogen-doped porous carbon layers 
[28]. The PPy@CNTs underwent a heat treatment process in a hori-
zontal furnace under pure N2 gas, following the specified heating pro-
cedure. Initially, the sample was heated to 400◦C with a heating rate of 4 
◦C min− 1 and held at this temperature for 2 h. Subsequently, the tem-
perature was increased to the target value of 600, 800, and 1000 ◦C, 
respectively, at a rate of 4 ◦C min− 1, and maintained at this temperature 
for an additional 2 h. The final samples are marked as NCNTs-600, 
NCNTs-800, and NCNTs-1000. 

Pt-NCNTs were synthesized using the chemical immersion reduction 
technique. Initially, 50.0 mg of NCNTs (NCNTs-600, NCNTs-800, and 
NCNTs-1000) were dispersed in 50 mL of ethanol using ultrasonication. 
Subsequently, a solution of 0.01 M H2PtCl6 (13.0 mL) was added to the 
dispersion. The pH of the solution was adjusted to a pH value of 8.0–9.0 
using a 0.1 M NaOH solution, and the mixture was stirred at 0 ◦C for 4 h. 
The platinum salt solution containing NCNTs was then heated to 80 ◦C. 
The excess 0.01 M NaBH4 solution was slowly added to initiate the 
reduction reaction of H2PtCl6. The reaction proceeded for 4 h with 
magnetic stirring. The expected Pt content in the sample was 33.6 wt%. 
Finally, the solution was filtered and washed with deionized water 
several times. The resulted solid product was dried at 80 ◦C for 12 h in a 
vacuum, which was referred to as Pt-NCNTs-600, Pt-NCNTs-800, and Pt- 
NCNTs-1000. 

As the comparison samples, Pt-loaded CNTs (Pt-CNTs) and Pt-loaded 
nitrogen-doped porous carbons (Pt-NPCs) were synthesized by a similar 
method. Pt-CNTs were synthesized using the chemical immersion 
reduction technique. Initially, 50.0 mg of original CNTs were dispersed 
in 50 mL of ethanol using ultrasonication. The subsequent synthesis was 
similar to that of Pt-NCNTs. The final sample is marked as Pt-CNTs. Pt- 
loaded nitrogen-doped porous carbon (Pt-NPCs) were synthesized using 
direct polymerization without CNTs [28], heat treatment, and chemical 
immersion reduction technique. Initially, 50.0 mg of nitrogen-doped 
porous carbons by 1000 ◦C carbonization directly from polypyrrole 
was dispersed in 50 mL of ethanol using ultrasonication. The subsequent 
synthesis was similar to that of Pt-NCNTs. The final sample is marked as 
Pt-NPCs. 

2.3. Structural characterization 

Scanning electron microscopy (SEM, FEI Apreo, operated at 1 kV) 
was employed for morphological analysis. Transmission electron mi-
croscopy (TEM, FEI Tecnai G2 F30, operated at 200 kV) provided 
detailed structural information. Powder X-ray diffraction (XRD, X’pret 
Powder, Rigaku D/MAX-2500X, Cu Kα) was used to examine crystalline 
properties. Raman spectrometry (HORIBA Xplora Plus, excited by a 
532 nm laser) offered insights into vibrational modes. X-ray photo-
electron spectroscopy (XPS) was recorded using a SHIMADZU AXIS 
SUPRA surface analysis system with Al Kα radiation. Calibration of 
binding energy positions was achieved using C 1 s at 284.6 eV from the 
carbon tape. Deconvolution of the N 1 s spectra was performed via a 
non-linear least squares fitting program with a symmetric Gaussian 
function. N2 adsorption-desorption isotherms were measured at − 196 ◦C 
using a volumetric adsorption analyzer (Micromeritics, ASAP2020). The 
specific surface area (SSA) was determined using the Brunauer-Emmett- 
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Teller (BET) method within a relative pressure range of 0.05–0.30. Pore 
size distribution (PSD) plots were generated based on the adsorption 
branch of the isotherm, utilizing the nonlocal density functional theory 
(NLDFT) model. CO2 adsorption measurements were conducted at 0 ◦C 
and various pressures (0–100 kPa) with 20 mg samples. Pt loading 
amounts were estimated through thermogravimetric analysis (TGA) 
performed on a TA-DTG-Q600 system in an air atmosphere with a flow 
rate of 100 mL min− 1 and a ramp rate of 10 ◦C min− 1. 

2.4. Electrochemical tests 

All the electrochemical measurements were performed by using a 
three-electrode electrolytic cell, in which a saturated calomel electrode 
(SCE) and a platinum plate were used as reference electrode and counter 
electrode, respectively, a glass carbon electrode (GCE) and a rotating 
disc electrode (RDE, 0.1256 cm2) covered with the catalysts were used 
as the working electrodes. The GCE and RDE were polished by using the 
slurry of alumina (Al2O3, 0.3 and 0.05 μm), then rinsed with ethanol and 
deionized water in an ultrasonic bath to remove any alumina residues. 
The catalyst ink was prepared by ultrasonic dispersing 5.0 mg of catalyst 
powders in 0.5 mL ethanol and 0.5 mL deionized water, into which 50 μL 
of 5.0 wt% Nafion solution (DuPont) was added, and the suspension as 
prepared was ultrasonically dispersed to get the homogenous solution. A 
quantity of 10 μL of the catalyst ink was pipetted out and dropped on the 
top surface of GCE and RDE. Finally, the electrodes coated with the 
catalyst ink were dried at room temperature. The electrolyte used for the 
electrochemical test was 0.5 M H2SO4 aqueous solution. Before elec-
trochemical measurements, the working electrodes were immersed in 
the electrolyte for 2 h. All the potentials reported in this work were 
referenced to the reversible hydrogen electrode (RHE), ERHE = ESCE +

0.059 pH + 0.244. An electrochemical analysis system (Refernce3000, 
Gamry) was used to finish electrochemical measurements. The electro-
chemical impedance spectroscopy (EIS) measurements were performed 
with a frequency range from 5×105 to 0.1 Hz and an amplitude of 
10 mV. The ORR performance of catalysts was studied by cyclic vol-
tammetry (CV) and linear scan voltammetry (LSV) measurements. CVs 
were recorded at a scan rate of 50 mV s− 1. LSVs were measured at a scan 
rate of 10 mV s− 1 under rotation speeds of 400, 625, 900, 1225, 1600, 
2025, and 2500 rpm. The electrolyte was purged with pure N2 or O2 gas 
(for at least 30 min) before electrochemical tests. The slopes of their 
linear-fit lines were used to calculate the number of electrons transferred 
per oxygen molecule (n) based on the Koutecky-Levich (K-L) equation 
[29]: 

1
J
=

1
JK

+
1
JL

=
1
JK

+
1

Bω1/2  

B = 0. 2nFC0D2/3
0 υ− 1/6  

JK = nFkC0 

In the equations, J, JK, and JL are the measured current density, ki-
netic current density, and limiting diffusion current density, respec-
tively. ω is the angular velocity of disk rotation rates, n is the total 
electron transfer number of ORR, and F (96485 C mol− 1) is the Faraday 
constant. In the 0.5 M H2SO4 solution, the bulk concentration of oxygen 
is C0 (1.9×10− 5 cm2 s− 1), the diffusion coefficient of O2 is D0 (1.2×10− 6 

mol cm− 3) and v is the kinematic viscosity of the electrolyte (0.01 cm2 

s− 1) [29]. 
For RRDE tests, the electrochemical workstation CHI 760E was 

employed the disk electrode (0.2475 cm2) was scanned catholically at a 
rate of 10 mV s− 1, and the ring electrode (0.1866 cm2) potential was set 
to 1.23 V vs. RHE. The H2O2 yield (% H2O2) and electron transfer 
number (n) are determined by using the following equations [29]: 

%H2O2 = 200
IR/N

ID + IR/N  

n = 4
ID

ID + IR/N  

where N is the current collection efficiency of the ring electrode 
(N=37% in this article), IR is the ring current and ID is the disk current. 

2.5. Density functional theory (DFT) calculations 

The structural optimization and electronic property calculations for 
pristine pure CNT, the N-doped model of CNT, and the micropore model 
of CNT were all carried out using DFT (Density Functional Theory) with 
the Dmol3 code [30]. Under the Perdew− Burke− Ernzerhof functional, 
the method of generalized gradient approximation was utilized to define 
the exchange− correlation interaction. The double numerical basis set 
with a polarization function was employed to handle atomic orbitals. 
Additionally, we utilized a dispersion-corrected DFT (DFT-D) method 
was utilized the Grimme vdW correction, which can accurately describe 
weak interactions in all calculations. The real-space global cutoff radius 
was set at 4.9 Å, and we employed a Monkhorst− Pack scheme with 
3×2×1 k-points to ensure high-quality theoretical evaluations across the 
Brillouin zone. In addition, during geometry optimizations, we applied 
convergence tolerances of 1×10− 5 Ha for the total energy, 0.002 Ha/Å 
for atomic forces, and 0.005 Å for the highest displacement. The elec-
tron distribution and charge transfer were determined using the Mul-
liken method. 

3. Results and discussion 

As illustrated in Fig. 1, the polypyrrole was uniformly coated on the 
outer surface of CNTs by in-situ polymerization. Pyrolysis of polypyrrole 
at 1000 ◦C in N2 atmosphere resulted the formation of nitrogen-doped 
porous carbon layers to get the NCNTs-1000. Subsequently, the 
NCNTs-1000 were introduced into a pre-prepared H2PtCl6 solution at 
0 ◦C. A chemical immersion reduction process was then employed by 
utilizing a NaBH4 aqueous solution as the reductant, which led to the 
formation of a quantity of Pt nanoclusters (Pt NCs) uniformly anchoring 
onto the NCNTs. As an illustration, it was imagined that CNTs can act as 
electronic nanowires to enhance the charge transfer. and the external 
porous nitrogen-doped carbon layers containing a variety of functional 
groups can serve as robust nucleation sites to strengthen the interaction 
between Pt NCs and the carbon support, thereby an efficient and stable 
ORR can be obtained by using Pt-NCNT-1000 as catalyst. 

The morphological changes from the CNTs to the Pt-NCNTs-1000 
were documented using SEM (Fig. 2a-c), and SEM images of other 
samples are shown in Fig. S1. It is worth noting that the diameter and 
surface roughness of the NCNTs-1000 (Fig. 2b) is greater than the CNTs 
(Fig. 2a) attributing to the nitrogen-doped porous carbon layer derived 
from the transformation of polypyrrole coating. The morphology of 
NCNTs-600 and NCNTs-800 (Fig.S1a-b) resembles that of NCNTs-1000, 
suggesting that the heat treatment temperature exerts minimal influence 
on the macroscopic morphology of samples. In the Pt-NCNTs-1000 
(Fig. 2c), a substantial Pt NCs are uniformly dispersed on the surface 
of NCNTs-1000 and there is no significant agglomeration of Pt NCs. In 
comparison, Pt-NCNTs-600 and Pt-NCNTs-800 (Fig. S1c-d) exhibit a 
significant clustering of Pt NCs, which is attributed to the changes in 
porosity and types of nitrogen-containing functional groups in the outer 
nitrogen-doped carbon layers. As shown in Fig. S1e-f, the inert surface of 
the CNTs in Pt-CNTs resulted much larger Pt particles deposited on the 
CNTs. The large size of NPCs in Pt-NPCs caused the random distribution 
of Pt particles around NPCs. In addition, the element mapping results 
from the SEM analysis of Pt-NCNTs-1000 are depicted in Fig S2, which 
shows that both nitrogen (N) and platinum (Pt) elements are uniformly 
distributed in the Pt-NCNTs-1000. 

The TEM analyses of Pt-NCNTs-1000 are shown in Fig. 2d, it is 
evident that the Pt NCs are densely loaded and evenly distributed within 
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Fig. 1. Schematic synthesis structure of Pt-NCNTs-1000.  

Fig. 2. SEM image of (a) CNTs, (b) NCNTs-1000, (c) Pt-NCNTs-1000. (d) TEM and (e) HRTEM image of Pt-NCNTs-1000. (f) EDX elemental maps of Pt-NCNTs-1000: 
Pt (yellow), N (light blue), C (blue) and O (pink). The inset represents a histogram of the particle sizes (diameters) found in the (d) TEM image. 
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the NCNTs. The predominant size falls between 2 and 4 nm, as indicated 
by the histogram. HRTEM image (Fig. 2e) reveals the robust anchoring 
of Pt NCs on the surface of NCNTs with discernible lattice spacings of 
0.20 and 0.17 nm corresponding to the (111) and (200) crystallographic 
planes of metallic Pt. Meanwhile, the inner CNTs exhibit clearly defined 
lattice fringes signifying a high degree of graphitization, which can 
function as good electronic nanowires to transfer the charges during 
electrochemical reactions. Fig. 2f displays the high-angle annular dark- 
field scanning transmission electron microscopy (HAADF-STEM) image 
and corresponding EDS element mappings of Pt-NCNTs-1000. The uni-
formly distributed and randomly scattered dots indicate that Pt nano-
clusters are highly dispersed within NCNTs. Additionally, element 
mappings were performed to visualize the distribution of Pt, N, C, and O 
elements in Fig. 2f, confirming that these elements aligns well with the 
nanostructure’s profile. 

X-ray powder diffraction (XRD) was used to defect the crystal phases 
of samples. As depicted in Fig. 3a, all the samples exhibit a diffraction 
peak at 2θ of 26.2◦ corresponding to the (002) plane of carbon [31]. The 
diffraction peaks at 2θ of 39.8◦, 46.3◦, 64.5◦, and 81.6◦ correspond to 
the crystalline planes of (111), (200), (220), and (311) of Pt, respectively 
[32]. Raman spectroscopy is a reliable method to assess the graphiti-
zation degree of materials. The samples of CNTs, NCNTs-1000, and 
Pt-NCNTs-1000 (Fig. 3b) present the graphitic peak (G band) at 
1600 cm− 1, the peak associated with structural defects (D band) at 
1340 cm− 1, a peak attributed to amorphous carbon (Am band) at 
1515 cm− 1, and a peak corresponding to sp3-bonded carbon atoms (P 
band) at 1200 cm− 1 (Fig. 3c and S3) [33]. The relative intensity ratio of 
the D and G bands (ID/IG) is directly related to the defects in the 
graphitic carbon structure. The ID/IG value (1.19) of Pt-NCNTs-1000 is 
higher than CNTs (0.85) and NCNTs-1000 (1.02), signifying a great 

number of defects in graphitic structure, which resulted by the abundant 
pores and nitrogen-containing functional groups in the outer 
nitrogen-doped carbon layers of NCNTs. The Pt content in 
Pt-NCNTs-1000 was determined to be approximately 33.0 wt% by TGA 
(Fig. 3d), which is slightly higher than Pt-NCNTs-600 (31.5 wt%) and 
Pt-NCNTs-800 (32.3 wt%) (Fig. S4). According to the chemical reaction, 
the theoretical value of Pt amount on the NCNT-1000 is 33.6 wt%, it 
indicates that the stronger anchoring between Pt and NCNTs-1000 
almost resulted all of the Pt NCs being stably deposited onto the 
NCNTs-1000. 

To further investigate the interactions between Pt NCs and the 
porous structure of the substrates, N2 adsorption-desorption measure-
ments were employed to systematically analyze the pore parameters of 
the samples. Firstly, the adsorption/desorption isotherms of samples 
exhibit a similar multi-stage adsorption process, ranging from ultra-low 
pressure to high pressure [34,35]. The adsorption capacity of 
NCNTs-1000 was significantly higher than CNTs (Fig. 4a) and the other 
NCNTs samples (Fig. S5a) at P/P0<0.05. This indicates the formation of 
the nitrogen-doped porous carbon layers around CNTs. With increasing 
the heat treatment temperature, the external nitrogen-carbon layer un-
dergoes further contraction, accompanied by the transformation and the 
loss of nitrogen-containing functional groups, which leads to an 
enhanced micropore content of the NCNTs. The pore size distribution 
(Fig. 4b and S5b) further corroborates this transformative process. 
Notably, NCNTs-1000, characterized by its more porous structure, ex-
hibits the highest specific surface area (SSA) of 281 m2 g− 1, along with 
superior total pore volume (Vtotal) of 0.22 cm3/g, micropore volume 
(Vmicro) of 0.124 cm-3 g− 1, and a micropore to total pore volume ratio 
(Vmicro/Vtotal) of 57.9%, surpassing all other samples (Table 1). The 
adsorption/desorption isotherms and pore size distribution for the 

Fig. 3. (a) XRD patterns. (b) Raman spectrums. (c) Deconvoluted components (D, G, P, Am), fitting result, and the values of ID/IG of Pt-NCNTs-1000. (d) TGA curves 
for CNTs, NCNTs-1000, and Pt-NCNTs-1000. 
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different samples of Pt-NCNTs are shown in Fig. S5c-d, the adsorption 
capacity at P/P0<0.05 and micropore content of Pt-NCNTs are inferior 
to those observed in the corresponding NCNTs samples, the SSA and 
pore volume of Pt-NCNTs samples were also significantly reduced 
(Table 1). Compared to CNTs (Fig. 4b), the content of micropores of 
NCNTs-1000 and Pt-NCNTs-1000 initially increases and then decreases 
further suggesting that the microporous structure contributed by the 
nitrogen-doped porous carbon layer becomes occupied by Pt NCs. 
Meanwhile, the pore size distribution of 0.4–1.0 nm (Fig. 4c) is derived 
from CO2 adsorption isotherms (Fig. S6). These micropores mainly 
facilitate the more readily capture of [PtCl6]2- (approximately 0.5 nm in 
size) [36]. When the nucleation of Pt occurs in such a small limited space 
(less than 2 nm in diameter), the growth and agglomeration of Pt NCs 
will be inhibited. Consequently, a large amount of Pt NCs (2–4 nm) can 
deposit on NCNTs-1000. The smaller Pt NCs strongly anchored onto 
NCNTs-1000 will expose the larger active surface for ORR to enhance 
the catalytic activity and durability. 

To further elucidate the surface composition of catalyst, XPS mea-
surements were conducted to examine the chemical states of the sam-
ples. The XPS survey spectra of samples can be observed in Fig. 5a. There 
are characteristic peaks at binding energies of 284.5 eV and 532.2 eV, 
assigned to C 1 s and O 1 s in CNTs, respectively [37,38]. The 
NCNTs-1000 exhibit N 1 s characteristic peaks at a binding energy of 
398.5 eV, confirming the successful introduction of nitrogen atom [37]. 
The high-resolution N 1 s spectra of NCNTs-1000 (Fig. S7) and 
Pt-NCNTs-1000 (Fig. 5b) were deconvoluted into four peaks centered at 
398.2, 400.1, 401.0, and 402.1 eV, which corresponds to pyridinic-N, 
pyrrolic-N, quaternary-N, and oxide pyridinic-N, respectively [39]. 
Previous studies have indicated that both pyridinic-N and quaternary-N 
play important roles in enhancing ORR activity, albeit through different 

mechanisms [40,41]. Pyridinic-N has been demonstrated to be respon-
sible for increasing current density, spin density, and the density of π 
states of the C atoms near the Fermi level. Meanwhile, quaternary-N can 
serve as an electron donor in nitrogen-doped carbon, facilitating the 
transport of electrons from neighboring C atoms to Pt species [41]. The 
contents of various nitrogen atom types were calculated from the N 1 s 
spectra and are detailed in Table S1. The total nitrogen content and the 
proportion of different nitrogen-containing functional groups in 
NCNTs-1000 and Pt-NCNTs-1000 are quite similar, which suggests that 
the process of Pt NCs loading has little impact on the surface chemical 
properties of NCNTs. All Pt-NCNTs samples have the characteristic peak 
of Pt 4 f in the binding energy range of 70–80 eV (Fig. 5c and S8) [42]. 
The high-resolution Pt 4 f spectrum (Fig. 5c) of Pt-NCNTs-1000 can be 
fitted into Pt0 (71.2 eV and 74.6 eV) and Pt2+ (72.0 eV and 76.5 eV) 
peaks, indicating that the Pt NCs are successfully anchored through 
chemical immersion reduction [41,42]. In Table S2, the Pt content in 
Pt-NCNTs-1000 (5.6 at%) is higher than in Pt-NCNTs-600 (3.9 at%) and 
Pt-NCNTs-800 (4.6 at%). This increase is attributed to the 
Pt-NCNTs-1000 not only has a large specific surface area and substantial 
micropore volume but also contains abundant nitrogen-containing 
functional groups. These features significantly enhance the interaction 
between Pt and NCNTs-1000, resulting in a higher Pt content as well as 
smaller, more uniformly distributed Pt NCs. To further demonstrate the 
interaction between Pt and NCNTs, XPS analyses on the Pt-CNTs and 
Pt-NPCs were performed. The results (Fig. S9) showed that Pt-CNTs 
contained only 0.8 at% Pt (Table S3). In contrast, the Pt content in 
Pt-NPCs increased to 2.8 at% due to the introduction of 
nitrogen-containing functional groups. However, the limited specific 
surface area and small pore volume constrained Pt deposition in 
Pt-NPCs. These results confirmed the stronger interaction between Pt 
and NCNTs. 

Furthermore, theoretical calculations can provide another effective 
method to further substantiate the interaction between Pt and NCNTs. 
Therefore, based on the pore structure and XPS characterization results, 
in our work, three computational models (Fig. 5d-f) of type I (pure CNT), 
II (N-doped model of CNT), and III (micropore model of CNT) were used 
to theoretically confirm the effects of NCNT. To investigate the 
anchoring capability of H2PtCl6 molecules, the structural optimization 
of the calculation model was further conducted, and the results are 
presented in Fig. 5g-i. By calculating the adsorption energy, it is evident 
that the adsorption capacity of the H2PtCl6 molecule on type I is very 
weak, while the Eads of type II and III are − 10.6 and − 7.7 eV, respec-
tively, which is higher than that of pure CNT. Furthermore, the analysis 
of charge density reveals significant charge accumulation and dissipa-
tion phenomena of the H2PtCl6 molecule on types I and II structures. 
This observation further confirms that the local structural defects and 
uneven charge distribution induced by these nitrogen-containing func-
tional groups and porous structure are favorable for capturing H2PtCl6, 
thus creating minimal nucleation sites for Pt NCs. 

Fig. 4. (a) N2 adsorption-desorption isotherms. (b) NLDFT pore size distribution (1.0–50.0 nm) derived from N2 adsorption isotherm. (c) NLDFT pore size distri-
bution (0.4–1.0 nm) derived from CO2 adsorption isotherm (0 ◦C). 

Table 1 
Pore parameters were obtained from the N2 adsorption-desorption isotherms at 
− 196 ○C for the CNTs, NCNTs, and Pt-NCNTs.  

Samples SSAa (m2 

g¡1) 
Vtotal

b (cm3 

g¡1) 
Vmicro

c (cm3 

g¡1) 
Vmicro/Vtotal

d 

(%) 

CNTs  242  0.83  0.027  3.2% 
NCNTs-600  106  0.09  0.039  43.3% 
NCNTs-800  189  0.11  0.061  55.5% 
NCNTs-1000  281  0.22  0.124  57.9% 
Pt-NCNTs- 

600  
87  0.12  0.017  14.2% 

Pt-NCNTs- 
800  

127  0.19  0.025  13.1% 

Pt-NCNTs- 
1000  

134  0.20  0.039  18.6% 

aSSA (specific surface area) was calculated from the adsorption data near 0.05 ≤ P/P0 ≤ 0.35. b Vtotal 

(total pore volume) and c Vmicro (micropore volume) were determined from the NLDFT cumulative 

volume in the pore diameter ranges of d ≤ 50 nm and d ≤ 2 nm, respectively. d Vmicro/ Vtotal was the 

ratio of micropore volume to total pore volume. 
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The catalytic performance of NCNTs-1000, Pt-NCNTs-1000, Pt- 
CNTs, Pt-NPCs, and commercial 40.0 wt% Pt/C toward ORR was 
initially assessed through CV in an O2-saturated 0.5 M H2SO4 solution. 
As shown in Fig. 6a. NCNTs-1000 do not exhibit any characteristic peak 
in the 0.5 M H2SO4 solution, signifying its limited ORR catalytic activity. 
In contrast, both Pt-loaded catalysts display distinct ORR peaks (Fig. 6a 
and S10). Among these, Pt-NCNTs-1000 demonstrates a more positive 
peak potential (0.74 V) and higher peak current compared to other 
samples, closely approximating the performance of Pt/C (0.73 V). LSV 
curves as shown in Fig. 6b, the Pt-NCNTs-1000 achieves a higher 
limiting current density (5.4 mA cm− 2) than the Pt/C catalyst 
(4.8 mA cm− 2). It also features a notably improved half-wave potential 
(0.81 V) and onset potential (0.97 V) relative to Pt/C (0.80 V, 0.94 V). 
Meanwhile, Pt-NCNTs-1000 displays ORR catalytic performance that is 
significantly superior to that of Pt-CNTs and Pt-NPCs. The Tafel slope of 
Pt-NCNTs-1000 is 88 mV dec− 1 (Fig. 6c), which is higher than that of 
NCNTs-1000 (130 mV dec− 1), Pt-CNTs (105 mV dec− 1), Pt-NPCs 
(98 mV dec− 1) and Pt/C (97 mV dec− 1), suggesting the fast ORR ki-
netics of Pt-NCNTs-1000. 

Electrochemical impedance spectroscopy (EIS) was employed to 
investigate the electron transfer ability of samples. The Nyquist plots 
(Fig. 6d) are composed of a semi-circle in the high-frequency region and 
a nearly straight line in the low-frequency region. The semicircular part 
is attributed to the electron transfer-limited (kinetic) process, while the 
linear portion corresponds to the diffusion process. Comparatively, Pt- 
NCNTs-1000 exhibited a lower charge transfer resistance (Rct) of 1.31 
Ω, surpassing that of CNTs (2.81 Ω), NCNTs-1000 (4.85 Ω), Pt-CNTs 

(8.68 Ω) and Pt-NPCs (3.88 Ω), implying Pt-NCNTs-1000 has efficient 
electron transfer ability. Although the Rct values of all samples were 
small, the NCNTs-1000 were slightly higher than the CNTs. This result 
can be attributed to the increase in defects and porous structure induced 
by the nitrogen-doped carbon layers, which was verified through Raman 
and pore structure analysis. However, the Rct of Pt-NCNTs-1000 has 
decreased to 1.31 Ω, which can likely be attributed to the superior 
conductivity and even distribution of Pt NCs, which effectively com-
pensates for the electron conduction deficiencies in NCNTs-1000, 
markedly reducing its Rct. Additionally, the Pt-CNTs experiences the 
higher resistance owing to lower and uneven Pt NCs loading, and the Pt- 
NPCs shows the elevated resistance resulting from the absence of CNTs 
nanowire conductors. 

To learn the reaction mechanism of Pt-NCNTs-1000, LSV test was 
performed at different rotation speeds ranging from 400 to 2500 rpm. 
Based on LSV (Fig. S11a), the Koutecky-Levich (K-L) diagram of Pt- 
NCNTs-1000 was plotted, which displays a strong linear relationship 
at various potentials (Fig. S11b), indicating the first-class dynamics ki-
netics towards dioxygen fragmentation. The number of electron trans-
fers (n) can be calculated by analyzing the K-L plots of J− 1 versus ω− 1/2. 
The results show that the n value of Pt-NCNTs-1000 ranges from 3.5 to 
3.9 in the potential range of 0.40–0.70 V. RRDE test was also conducted 
to further get the mechanism information of ORR, and the LSV curves 
are plotted in Fig. 6e together with the H2O2 current detected by the Pt 
ring electrode at 1.2 V (vs. RHE). In contrast, Pt-NCNTs-1000 has a 
slightly lower ring current and higher disk current than Pt/C (Fig. 6e 
inset), indicating that there was almost no formation of intermediate 

Fig. 5. (a) XPS survey spectra. High-resolution (b) N 1 s and (c) Pt 4 f XPS spectra of Pt-NCNTs-1000. The geometric structure of pure CNT, N-doped model of CNT, 
and micropore model of CNT. Charge density of (g) pure CNT, (h) N-doped model of CNT, and (i) micropore model of CNT. White, gray, light green, dark blue, and 
blue spheres represent O, C, Cl, Pt, and N atoms, respectively. Densities are displayed with an isosurface and the interval of isovalue is between − 0.1 and 0.1 e/Å3. 
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peroxide (H2O2) and a large portion of O2 was directly reduced into H2O 
for the Pt-NCNTs-1000. Fig. 6f further shows the n value and H2O2 yield 
of samples, the n of Pt-NCNTs-1000 remains 3.97–4 for potentials 
ranging from 0.3 to 0.8 V, similar to Pt/C catalyst, and the H2O2 yield of 
Pt-NCNTs-1000 (0.23%) is lower than that of Pt/C catalyst (0.33%), 
remains at a consistently low level of less than 1%. This minimal H2O2 
yield unequivocally confirms the excellent ORR catalytic activity, where 
O2 is directly and completely reduced into H2O via the highly efficient 
four-electron pathway in acidic conditions. Additionally, compared to 
Pt-based catalysts reported in some literature (Table S4), Pt-NCNTs- 
1000 demonstrates good catalytic performance. 

The durability is important factor to evaluate the performance of Pt- 
based catalysts. The accelerating test following 5000 cycles of CV was 
conducted to evaluate the durability of catalysts. The half-wave poten-
tial of Pt-NCNTs-1000 decreases by only 2 mV compared to its initial 
value (Fig. 6g), however, in the case of Pt/C, it decreases by 20 mV 
(Fig. S12). Meanwhile, SEM image of Pt-NCNTs-1000 (Fig. S13) reveal 
that the Pt NCs remain firmly and uniformly anchored to NCNTs even 
after the 5000 cycles test. The chronoamperometry method (Fig. 6h) was 

employed to further assess the durability of Pt-NCNTs-1000. After 
50000 s, the ORR current of Pt-NCNTs-1000 retains 84.3% of its initial 
value, which is notably superior to the Pt/C (64.6%). The enhanced 
durability of Pt-NCNTs-1000 can be attributed to the robust attachment 
of Pt NCs to the N-doped porous CNTs. This strong attachment is facil-
itated by the porous anchoring strategy, resulting in a stable interface 
bond that effectively prevents the metallic species from migration and 
agglomeration during continuous electrode reactions. 

In the PEMFCs systems, CO commonly appears as an impurity during 
hydrogen production and exhibits a strong affinity to Pt, forming a 
stable adsorption layer on the Pt surface. CO molecules occupy the 
active sites of the catalyst, inhibiting interactions with reactants in the 
fuel cell, such as hydrogen or oxygen. This results in the blockage and 
reduction of available active sites for catalytic reactions, significantly 
decreasing catalytic efficiency. Therefore, the resistance of catalysts to 
chemical interference is particularly crucial. To evaluate this aspect, the 
ability to resist chemical interference is tested using methanol, which 
has a different adsorption mechanism but is safer than CO. As shown in 
Fig. 6i, by using chronoamperometric, Pt-NCNTs-1000 also exhibits 

Fig. 6. (a) CV curves recorded in O2-saturated 0.5 M H2SO4 solution. (b) LVS curves and (c) Tafel slopes at a rotation rate of 1600 rpm. (d) EIS measurements, the 
inset displays the equivalent circuit model for EIS. (e) RRDE voltammetry in O2-saturated 0.5 M H2SO4 solution at a rotation rate of 1600 rpm. The inset in (e) is the 
magnifying figure of the ring current at 0.2–1.0 V vs RHE. (f) Electron transfer numbers (scatter plot) and peroxide yield (line chart). (g) LSV of Pt-NCNTs-1000 
before and after 5000 cycles CV. (h) Chronoamperometric responses at 0.7 V vs. RHE with a rotation rate of 1600 rpm. (i) The Pt-NCNTs-1000 and commercial 
40.0 wt% Pt/C were kept at 0.7 V vs. RHE when 10 mL methanol was added at 400 s with a rotation rate of 1600 rpm. 
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excellent resistance to methanol. The relative current changes slightly 
after the introduction of methanol for Pt-NCNTs-1000. In contrast, a 
significant reduction in the relative current is observed for the Pt/C 
catalyst, and the current cannot be restored to the previous value. The 
performance differences may be attributed to the uniform distribution of 
Pt NCs in Pt-NCNTs-1000, which optimizes the utilization efficiency of 
active catalytic sites. The synergistic effects of nitrogen-doping and 
small size Pt NCs effectively resist the adsorption and blockage by 
methanol and its decomposition products, thereby enhancing the resis-
tance of the catalyst to interference. 

4. Conclusion 

Pt-NCNTs catalyst that loaded with Pt nanoclusters with size of 
2–4 nm loaded on the nitrogen-doped porous carbon coated carbon 
nanotubes (NCNTs) was successfully achieved through a straightforward 
process involving pyrrole coating, pyrolysis, and chemical immersion 
reduction. The inner CNTs within Pt-NCNTs function as efficient elec-
tronic nanowires to provide a high-speed pathway for electron transport 
of electrode reactions. The outer nitrogen-doped carbon layers can 
supply more active and anchor sites for Pt deposition. The theoretical 
calculation demonstrates that the nitrogen-functionalized groups and 
porous structure can facilitate a strong anchoring effect for Pt nano-
clusters, ensuring uniform growth and distribution of Pt nanoclusters. 
The Pt-NCNTs-1000 with Pt loading amount of 33.0 wt% owns the more 
positive onset potential and half-wave potential of 0.97 and 0.81 V in 
the sulfuric acid medium, comparing with the commercial 40 wt% Pt/C 
(0.94 and 0.80 V). Furthermore, the strong attachment of Pt nano-
clusters to the nitrogen-doped porous carbon results in a stable interface 
that effectively prevents the migration and agglomeration of metallic 
species during continuous electrode reactions. After a durability test of 
more than 50000 s, the ORR current of Pt-NCNTs-1000 retains 84.3% of 
its initial value, which is notably superior to the commercial 40 wt% Pt/ 
C (64.6%). The present work could provide valuable guidance for 
designing and constructing highly active and stable Pt-based catalysts. 
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