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Nitrogen-doping of carbon support (N-C) for platinum (Pt) nanoparticles to form Pt/N-C catalyst repre-
sents an effective strategy to promote the electrocatalysis of cathodic oxygen reduction reaction (ORR)
in proton exchange membrane fuel cells. For fundamental understanding, clearly identifying the metal-
support effect on enhancement mechanisms of ORR electrocatalysis is definitely needed. In this work,
the impact of Pt-support interaction via interfacial Pt-N coordination on electrocatalytic ORR activity
and stability in Pt/N-C catalyst is deeply studied through structural/compositional characterizations,
electrochemical measurements and theoretical DFT-calculations/AIMD-simulations. The resulting Pt/N-C
catalyst exhibits a superior electrocatalytic performance compared to the commercial Pt/C catalyst in
both half-cell and H,-0, fuel cell. Experimental and theoretical results reveal that the interfacial Pt-N
coordination enables electron transfer from N-C support to Pt nanoparticles, which can weaken the
adsorption strength of oxygen intermediates on Pt surface to improve ORR activity and induce the strong
Pt-support interaction to enhance electrochemical stability.
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Hydrogen fuel-based proton exchange membrane fuel cells
(PEMFCs) with high energy/power densities, high conversion
efficiency and zero-emission have been proved to be practicable
clean and sustainable energy conversion and power systems for
many large-scale applications including electric automobiles and
stationary power plants [1-3]. In the effort to further improve
the performance of PEMFCs, the sluggish kinetics of their cathodic
oxygen reduction reaction (ORR) is identified as the major limiting
factor [4,5]. Currently, carbon supported platinum (Pt/C) materials
are used as the cathode electrocatalysts to speed up the ORR
[6]. However, the weak interaction of Pt nanoparticles (NPs) with
carbon support is prone to result in the severe degradation of
catalytic activity and electrochemical stability [7-11]. These Pt
NPs are susceptible to dissolution and aggregation on the surface
of conventional carbon black, while the corrosion of the carbon
support can cause the detachment of Pt NPs, leading to the degra-
dation of PEMFC performance. In response to these challenges, the
researchers have dedicated great endeavors to modifying commer-
cial carbon black or developing novel support materials [12-14].
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Studies have demonstrated that the single/co-doping of het-
eroatoms (such as B, N, P, S) into carbon supports can significantly
enhance the electrocatalytic properties through enhancing the in-
teraction between Pt NPs and carbon support [15-26]. In particular,
the N-doping of carbon supports have attracted the most attention
for the conspicuous improvement in ORR activity and electro-
chemical stability of Pt-based catalysts. This enhancement arises
from the beneficial changes in both the electronic and structural
properties of carbon support, induced by the high N-incorporation
content in carbon support, the well dispersion of Pt NPs through
N-doping, and the synergistic interaction of Pt with N-species [27-
33]. For example, Zhang et al. [32] reported an oxygen spillover
effect that the oxygenated intermediates formed on Pt NPs could
transport to surface of the N-doped carbon black, promoting the
ORR activity. Cai et al. [33] reported that the interfacial Pt-N-C site
could provide a new active route, enhancing the electrocatalytic
capacity in the catalyst system of N-doped carbon semi-tube
(N-CST) supported Pt NPs. Despite some progress has been made,
the fundamental understanding of the enhancement mechanisms
of electrocatalytic ORR performance, especially the interaction of
Pt NPs and N-doped carbon supports is still insufficient.

To identify the Pt-support effect on the enhancement of
electrocatalytic ORR performance, this work has confirmed the
presence of an interfacial Pt-N bond in a N-doped carbon sup-
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Scheme 1. Schematic illustration for the preparation of Pt/N-C catalyst.

ported Pt (Pt/N-C) catalyst and deeply studied the promotion
mechanisms of ORR electrocatalysis. The N-doped carbon (N-C)
support is successfully synthesized by high-temperature pyrolysis
of a mixture comprising urea and commercial Vulcan XC-72R
carbon black. This N-C material is used as the functional sup-
port, on which the microwave-reduced Pt NPs are decorated to
form Pt/N-C catalysts. Several sophisticated instruments are used
to characterize the morphologies, structures and compositions of
such catalysts, electrochemical techniques are employed to validate
their catalytic ORR performance, and theoretical calculations are
also carried out for fundamental understanding of their catalytic
enhancement mechanisms. The strongly interacting Pt-N bonds are
found to form at the interface of Pt NPs and N-C support through
electrons transferred from N-C support to Pt NPs. The interfacial
Pt-N bonds can not only induce the weak adsorption of oxygen
species on the Pt surface to trigger the excellent catalytic ORR
activity, but also make the robust integration between Pt NPs and
N-C support to stimulate the strong stability.

The synthesis procedure of one typical Pt/N-C catalyst is
illustrated in Scheme 1. N-doped carbon (N-C) is prepared by
implementing a high-temperature pyrolysis for the precursor mix-
ture of urea and Vulcan XC-72R carbon black. During the pyrolysis
process, urea can facilitate the successful in-situ N-doping into
carbon black. Characterization of the Brunauer—Emmett—Teller
(BET) surface area (BSA) and pore structure of N-C and Vulcan XC-
72R is performed through the N, adsorption-desorption (Fig. 1A)
and pore size distribution (Fig. 1B) measurements. The values for
surface areas and total pore volume value (TPV) are listed in Table
S1 (Supporting information). The BSA and TPV values of N-C are
determined to be 267.6 m?/g and 0.65 cm?3/g, respectively, which
are larger than those of Vulcan XC-72R (238.4 m?/g and 0.50
cm3/g). Additionally, the pore size distribution results obtained
by the Barrett-Joiner-Halenda (BJH) method reveals a significant
increase in micro/meso-pores. It appears reasonable to conclude
that urea can contribute to an activation effect, improving the BSA
and increasing the TPV and pore density of N-C. Based on such
advantages of this N-C material, it is utilized as the functional
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Fig. 1. (A) Nitrogen adsorption-desorption isotherms and (B) pore size distribution
of N-C and Vulcan XC-72R.
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Fig. 2. (A) TEM and Pt NPs size distribution in the inset, (B) HRTEM, (C) HAADF-
STEM image and corresponding elemental mapping images of C, N, Pt for the Pt/N-C
catalyst.

carbon support for the construction of Pt/N-C catalyst. The syn-
thetic process for Pt NPs is remained consistent with our previous
work [33]. Typically, Pt NPs are produced through the microwave
reduction of H,PtClg-6H,0 in alkaline ethylene glycol (EG). By
mixing Pt NPs with N-C support and dialyzing the suspension
with deionized water, the expected Pt/N-C catalyst is obtained.
Scanning electron microscopy (SEM) image shows the amorphous
carbon-based nanostructure (Fig. S1A in Supporting information)
and the corresponding energy-dispersive spectroscopy (EDS) result
provides a Pt content in Pt/N-C catalyst of almost 20 wt% (Fig. S1B
in Supporting information).

Transmission electron microscopy (TEM) images display that
the resulting Pt/N-C (Fig. 2A) has a similar morphology with
commercial Pt/C (Fig. S2 in Supporting information), with Pt NPs
uniformly dispersed on the surface of the carbon support. The
average diameter of Pt NPs in Pt/N-C is ~2.8 nm, slightly smaller
than the ~3.0 nm of Pt/C. High-resolution TEM (HRTEM) image
(Fig. 2B) shows the well-defined lattice fringe spaces of 0.227,
0.197 and 0.146 nm, which are corresponding to the (111), (200)
and (220) planes of Pt. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and elemental
mapping images (Fig. 2C) reveal the uniform distribution of C, N
and Pt elements.

Fig. 3A shows the X-ray diffraction (XRD) patterns of Pt/N-C
and Pt/C catalysts, indicating the typical diffraction signals of
carbon support and Pt crystal phase. The peak at 24.58° is as-
signed to C(002) planes and four diffraction peaks located at
39.66°, 46.48°, 67.94°, 81.4° are indexed to the (111), (200), (220)
and (311) planes of Pt crystal (JCPDS No. 87-0636), respectively.
X-ray photoelectron spectroscopy (XPS) investigation was used
to characterize the chemical compositions and valence states of
surface elements in Pt/N-C and Pt/C. Both survey spectra (Fig. 3B)
exhibit the characteristic peaks of C, O and Pt. In contrast, the
N 1s characteristic peak can be found in Pt/N-C, with an atomic
concentration of N being 1.3 at%. Furthermore, the high-resolution
N 1s spectrum of Pt/N-C (Fig. 3C) can be deconvoluted into
five different bands at 398.4, 399.2, 400.0, 401.0, and 403.5 eV,
which correspond to pyridinic-N, Pt-N, pyrrolic-N, graphitic-N,
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Fig. 3. (A) XRD patterns, (B) XPS survey spectra, and high-resolution XPS spectra
of (C) N 1s and (D) Pt 4f for the Pt/N-C and Pt/C catalysts. (E) Pt L3-edge XANES
spectra, and (F) Fourier-transformed EXAFS spectra for Pt/N-C, Pt/C, PtO, and Pt foil.

and oxidized-N, respectively. The high-resolution Pt 4f XPS spectra
(Fig. 3D) can be divided into three peaks at 71.83, 72.75 and 74.85
eV, corresponding to three paired Pt%, Pt?* and Pt**, respectively.
Compared with Pt/C, there is a negative shift of ~0.35 eV for
Pt/N-C, indicating the less formation of Pt oxides. This shift can
be ascribed to the electron transfer from N-C support to Pt NPs
through Pt-N as a bridge. The Pt® content in Pt/N-C is calculated
to be 58.1%, higher than that of 48.0% in Pt/C.

Furthermore, X-ray absorption fine structure (XAFS) spec-
troscopy at the Pt L;-edge was employed to discern the electronic
structures and the coordination environment of Pt/N-C. As indi-
cated in Fig. 3E, the white line (WL) intensity of Pt/N-C from Pt
L3-edge X-ray absorption near edge structure (XANES) is located
between PtO, and Pt foil, suggesting that the Pt valence state
in Pt/N-C catalyst should have more positive charges than Pt
foil but fewer than PtO,. Moreover, the WL intensity of Pt/N-C
is lower than that of Pt/C, indicating a higher content of Pt® in
Pt/N-C compared to Pt/C. This observation aligns well with the
XPS result in Fig. 3D, providing clear evidence that the N-doping
in the carbon support can significantly inhibit the oxidation of Pt
[33]. Typically, the Fourier transformed extended X-ray absorption
fine structure (EXAFS) spectra of Pt Li;-edge (Fig. 3F) reveal a
characteristic Pt-N bond contribution. The detailed fitting results
and parameters are shown in Fig. S3 (Supporting information)
and Table S2 (Supporting information), respectively. These findings
provide direct evidence of the interaction between N-C support
and Pt NPs, which remarkably contributes to the improvement in
the ORR activity and stability of Pt/N-C.

To optimize the synthesis parameters of N-C support, elec-
trochemical tests were conducted to investigate the effects of
different urea addition ratio (Fig. S4 in Supporting information),
pyrolysis temperature (Fig. S5 in Supporting information) and
pyrolysis time (Fig. S6 in Supporting information). The best elec-
trocatalytic ORR activity can be observed when the XC-72R/urea
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Fig. 4. Electrochemical performance of Pt/N-C and Pt/C catalysts: (A) CV curves;
(B) ORR polarization curves, and the corresponding Tafel plots and slopes in the
inset. Performance evolutions of (C) mass activity and (D) specific activity before
and after ADTs. (E) i-t curves at the constant potential of 0.7 V (vs. RHE); (F) I-V and
power density curves of H,-0, single PEMFCs performance (The catalyst loading is
0.1 mgp/cm? for cathode and anode, respectively. Test conditions: 80 °C, 100% RH,
100 kPa absolute pressure).

ratio is 1:10, pyrolysis temperature is 950 °C, and pyrolysis time
is 1 h, at which the optimal N-C support can be formed. This
optimal N-C material was used as the functional carbon support
for the microwave-reduced Pt NPs to construct Pt/N-C catalyst.
Being consistent with our previous research results [33,34], the
optimal synthesis conditions for microwave reduction were based
on microwave power of 160 W, microwave temperature of 160 °C,
microwave time of 2 min, NaOH concentration of 0.4 mol/L, and
H,PtClg concentration of 38.6 mmol/L.

The electrocatalytic ORR performance of Pt/N-C catalyst was
assessed using the commercial Pt/C catalyst as the reference.
Cyclic voltammetry (CV) measurements of Pt/N-C and Pt/C cata-
lysts were conducted in an Ar-saturated 0.1 mol/L HCIO4 solution
(Fig. 4A). The electrochemical active surface area (ECSA) values of
catalysts were calculated by measuring the charges collected in
the hydrogen adsorption/desorption peak areas (0.02-0.4 V) after
double-layer correction. The Pt/N-C catalyst exhibits a greater ECSA
of 87.2 m?/gp; than that of the Pt/C catalyst (78.6 m?2/gp). Linear
sweep voltammetry (LSV) analysis for Pt/N-C and Pt/C catalysts
was performed at 1600 rpm in an O,-saturated 0.1 mol/L HClO4
solution. As shown in Fig. 4B, the half-wave potential (E;) of
Pt/N-C catalyst is 0.888 V, representing a positive shift of 15 mV
relative to that of the Pt/C catalyst (0.873 V). To demonstrate the
superiority of the N-doping in carbon black support, the CV and
LSV curves of Pt/N-C and Pt/XC-72R were compared (Fig. S7 in
Supporting information). Although the two catalysts have similar
ECSA values (Fig. S7A), the Pt/N-C catalyst shows the positive E;,
than that (~0.88 V) of Pt/XC-72R catalyst (Fig. S7B). Additionally,
the corresponding Tafel plots (inset of Fig. 4B) indicate that Pt/N-C
affords a smaller Tafel slope (65 mV/dec) compared to Pt/C (69
mV/dec), implying the improved kinetic performance for catalytic
ORR. According to the Koutecky-Levich (K-L) equation, the kinetic
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current density (ji) at 0.9 V (vs. RHE) was found to be 3.98 and
2.84 mA/cm? for Pt/N-C and Pt/C, respectively. Furthermore, as
shown in Figs. 4C and D, the initial mass activity and specific
activity of Pt/N-C catalyst are 0.13 A/mgp, and 0.149 mA/cm?,
respectively, which are about 1.4 and 1.3 times compared to those
of Pt/C catalyst (0.093 A/mgp; and 0.118 mA/cm?).

The electrochemical stability of two catalysts was investigated
by accelerated durability tests (ADTs) through a continuous poten-
tial scanning between 0.6 V and 1.1 V in O,-saturated 0.1 mol/L
HClO4 solution. Fig. S8 (Supporting information) shows the curve
evolutions of CV (Figs. S8A and C) and LSV (Figs. S8B and D). It
can be seen that after 10000 continuous potential cycles, the ECSA
of Pt/N-C is dropped by 25.9% to reach 64.6 m?/gp;, while Pt/C
experiences a 45.5% drop to 42.8 m2/gp. In the ORR polarization
curves, Pt/N-C shows only a 16 mV negative shift in the E;j, (Fig.
S8B, whereas Pt/C exhibits a 28 mV of E;, loss (Fig. S8D). As
shown in Figs. 4C and D, the mass activity and specific activity
of Pt/N-C are declined by 33.8% and 12.8% at 0.90 V, respectively.
In contrast, Pt/C experiences a more significant decline with mass
and specific activities dropping by 55.9% and 18.7%, respectively.
Additionally, the current-time (i-t) test was carried out in an
0,-saturated 0.1 mol/L HCIO4 at a constant voltage of 0.7 V (vs.
RHE). As depicted in Fig. 4E, Pt/N-C catalyst can maintain 33.3% of
the initial current density after 40000 s of continuous operation,
surpassing the 12.5% retention observed for Pt/C catalyst. All the
comparative electrochemical data for the two catalysts are listed
in Table S3 (Supporting information). These results suggest that
the as-prepared Pt/N-C catalyst exhibits a superior electrochemical
stability compared to the commercial Pt/C catalyst.

Furthermore, H,-O, PEMFC performances of Pt/N-C and Pt/C
as the cathode catalysts with a loading of 0.1 mgp/cm? were
measured at the temperature of 80 °C and full humidity of H, and
0, with a flow rate of 600 mL/min. As can be seen from their
current-voltage (I-V) polarization and power density plots in Fig.
4F, Pt/N-C fuel cell exhibits the higher current and power densities
than Pt/C one. The peak power density of the as-prepared Pt/N-C
is 1.25 W/cm? which is higher than that of the commercial Pt/C
(1.16 W/cm?), meaning its potential for commercial substitution.

To explore the origins of high catalytic ORR activity and
stability of Pt/N-C catalyst, the density functional theory (DFT)
calculations and ab initio molecular dynamics (AIMD) simulations
were carried out. As shown in Fig. 5A, the same initial distance of

6.72 A between two Pt;; NPs is set on two different supports of
pure carbon and N-C, respectively. As time goes on, two particles
on the pure carbon support gradually approach and fuse at about
5400 fs, ultimately aggregating into one large particle at about
7200 fs. While the two particles anchored on N-C support are hard
prone to agglomeration even at 7200 fs. These results indicate
that the N-C support has a strong affinity with the Pt NPs owing
to the interfacial Pt-N bond observed in experiments, which can
prevent the particles from aggregation and maintain their sizes for
the maximum Pt utilization, so as to obtain higher ORR activity
and stability. Based on previous study shown that the stability
of Pt NPs increases linearly with size [35], it is believed that the
property of smaller Pt NPs can be extrapolated to that of larger
one, and the Ptsg NPs are used to discuss the following properties.

To further clarify the distinctive role of Pt-N bond in Pt/N-C,
the planar average charge densities of Pt/C and Pt/N-C are shown
in Fig. 5B (a and b). It is evident that both the pure carbon and
N-C supports can donate electrons to the Pt NPs with the Pt NPs
gaining significantly more electrons after the Pt-N bond formation.
This can make a lower Pt binding energy for Pt/N-C compared
to Pt/C, which is consistent with the XPS result in Fig. 3. As the
differential charge density shown in Fig. 5B (¢ and d), there are
electron accumulations between Pt and N, indicating the strong
interaction of the N-C support and Pt NPs through the bridged
Pt-N bond. Therefore, the calculation results prove that N-doping
of carbon support can greatly suppress the migration of Pt NPs for
the enhanced stability and reduced activity loss.

The stability of pure carbon and N-C supports are also discussed
in this part. The results obtained in this work have shown that the
carbon supports with some defects are easy to be oxidized under
the ORR condition, but the oxidation energy increases more than
112 eV after pyridinic-N doping into the carbon layer (oxidation
energy of defect carbon and N-C are -2.28 and -1.16 eV, respec-
tively), indicating that N-doping can improve the stability of car-
bon support. Furthermore, after the support is loaded with Pt NPs,
both the pure carbon and N-C supports become stable and hard to
be oxidized (support oxidation energy of Pt/C and Pt/N-C are 2.17
and 2.41 eV, respectively). These results indicate that the Pt NPs
can promote the stability enhancement of supports especially the
N-C.

The ability of Pt-oxides formation on Pt/C and Pt/N-C catalysts
was estimated by evaluating the adsorption strength of atomic
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oxygen (*O) on the Pt surface. Fig. S9 (Supporting information)
provides the possible adsorption sites and corresponding adsorp-
tion energies, it indicates that the different adsorption sites could
obtain different adsorption energies of *O. Fig. 5C shows the
adsorption energy of *O on Ptsg NPs supported by pure carbon
and N-C supports for the most stable adsorption configuration
corresponding to site 1 shown in Fig. S9. It can be found that the
*O adsorption is weaker on Pt/N-C (0.61 eV) than that on Pt/C
(0.54 eV). Hence, the N-doping of carbon support can weaken *O
adsorption strength on the Pt surface, resulting in the alleviated
Pt-oxides formation. It is believed that this should be another
reason for the high catalytic ORR activity and stability of Pt/N-C.

In summary, an in-depth study on the promotion effect of in-
terfacial Pt-N coordination on oxygen reduction electrocatalysis in
a Pt/N-C catalyst system is carried out in this work. Successful N-
doping of commercial carbon black for a functional N-C support
has been achieved by one-step pyrolysis with urea as the nitro-
gen source. Microwave-reduction of chloroplatinic acid in alkaline
ethylene glycol can produce Pt NPs with an average size of ~2.8
nm. The integrating Pt/N-C catalyst exhibits uniform dispersion of
Pt NPs on the N-C support. The experimental results from XPS and
XAFS indicate the formation of Pt-N bonds at the interface of Pt
NPs and N-functional support. This bridged Pt-N coordination fa-
cilitates the electron transfer from N-C support to Pt NPs, leading
to a high proportion of metallic Pt and a robust metal-support in-
tegration in the Pt/N-C catalyst. Consequently, the N-doping of car-
bon support can not only weaken the adsorption strength of oxy-
gen intermediates on the Pt surface to improve the ORR activity,
but also induce the strong Pt-support interaction to enhance the
electrochemical stability. The achieved Pt/N-C catalyst shows a su-
perior ORR activity with ~1.4 times higher in mass activity and
outstanding electrochemical stability to the commercial Pt/C cata-
lyst. As the cathode catalyst in a single H,-0, fuel cell, such a Pt/N-
C achieves a peak power density of 1.25 W/cm?, higher than the
1.16 W/cm? of Pt/C. This study can provide meaningful insight into
the interfacial Pt-N coordination for ORR electrocatalysis, and will
offer valuable guidance for the rational design of Pt-based catalysts
supported on the modified/novel supports and the deep study of
their interfacial properties.
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