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a b s t r a c t

The high sensitivity of platinum (Pt)-based catalysts to CO during the hydrogen oxidation reaction (HOR)

at the anode is one of the key issues for the long-term stable development of proton exchange membrane

fuel cells (PEMFCs). Modulating the electronic structure of Pt is considered an effective approach to en-

hancing HOR activity and improving CO tolerance. Herein, we utilized the synergistic effect between the

transition metal interstitial compounds (TMICs) of VN and Pt to develop a Pt-VN heterojunction-loaded

carbon nanofiber catalyst (Pt-VN/NCNF) for CO tolerance in HOR. The introduction of VN causes electronic

orbitals rearrangement of Pt, thereby optimizing the adsorption of H on the Pt surface. Meanwhile, the

overlap of the d-band of the electron-deficient Pt with the 1π and 5σ bonding orbitals of CO was signifi-

cantly reduced, which suppresses the strong CO adsorption on Pt surfaces and leave more active sites for

H2 adsorption and oxidation. As a result, Pt-VN/NCNF exhibits a mass activity of 1.26mA/μgPt, 41 times

higher than that of commercial Pt/C. Encouragingly, Pt-VN/NCNF maintains 96.7 % of its original activity

even in the presence of 1000ppm CO. As anticipated, Pt-VN/NCNF-based PEMFCs demonstrate superior

CO tolerance to Pt/C in H2/CO mixtures with CO concentrations ranging from 10ppm to 1000ppm.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the global push for energy transition, hydrogen has

emerged as a promising clean energy carrier, demonstrating im-

mense potential in cutting-edge energy conversion technologies

like proton exchange membrane fuel cells (PEMFCs) [1–5]. Hydro-

gen oxidation reaction (HOR), a core reaction in PEMFCs, directly

impacts fuel cell performance [6–8]. Therefore, high-performance

HOR catalysts is crucial for advancing PEMFC technology. Tradi-

tional Pt-based catalysts have exhibited notable HOR activity due

to their near-optimal hydrogen binding energy (HBE) [9]. However,

their high-cost limits large-scale applications. Transition metal in-

terstitial compounds (TMICs) with Pt-like properties, similar d-

electron distributions, and effective intermediate binding enhance

reaction rate and selectivity [10,11]. Combining TMICs with Pt re-

duces Pt loading while maintaining catalytic activity, effectively

lowering costs. Among them, vanadium nitride (VN) has promising

potential as a co-catalyst in the catalytic field due to its low cost

and high catalytic efficiency [12,13]. VN stabilizes Pt catalytic active

sites and modulates the d-band center (Ed) of Pt through electronic

interactions, optimizing its electronic structure for enhanced activ-
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ity and stability [14]. This further highlights the potential value of

VN in turning into the electronic structure of Pt and improving its

catalytic performance.

Furthermore, CO shows high selectivity for polynuclear vana-

dium nitride clusters (V4N5
−) in Fischer-Tropsch synthesis, high-

lighting its potential for anti-CO poisoning [15]. In the current

energy landscape of China, hydrogen primarily comes from fossil

fuel-based hydrogen production and industrial by-product hydro-

gen, referred to as “gray hydrogen”, which inevitably contains trace

amounts of toxic substances such as CO. However, Pt exhibits high

sensitivity to even ppm-level concentrations of CO. Blyholder et al.

proposed that the adsorption mechanism of CO on the Pt surface

primarily depends on the electronic donation from the 5σ orbitals

of CO to the d orbitals (dz
2) of Pt and electron back-donation from

the d orbitals (dxz or dyz) of Pt to the 2π ∗ antibonding orbitals

of CO [16]. Since H2 possesses unoccupied σ molecular orbitals at

the hybridized Fermi level, whereas the 2π molecular orbitals of

CO are at higher energy levels, CO adsorbs more readily on Pt than

H2, severely hindering the HOR process [17,18]. Therefore, enhanc-

ing CO tolerance is thus vital for directly utilizing industrial hydro-

gen and advancing PEMFC commercialization.

Based on the aforementioned principles, we have devel-

oped a Pt-VN heterojunction supported on nitrogen-doped carbon

nanofibers (Pt-VN/NCNF) catalyst, which exhibits outstanding CO-
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Fig. 1. Structural characterizations. (a) Synthetic illustration, (b, c) SEM, (d) TEM,

(e) HRTEM images, and (f, g) corresponding elemental mappings of Pt-VN/NCNF.

tolerant HOR performance under acidic conditions. The synergis-

tic effect between Pt and VN optimizes the electronic structure,

with electron transfer from Pt to VN causing a downward shift in

the Ed of Pt, weakening H adsorption. Also, the electron-deficient

Pt suppresses the electronic back-donation to CO, while reducing

the overlap of the d-band of Pt with the 1π and 5σ bonding or-

bitals of CO, curbing CO adsorption. As a result, the Pt-VN/NCNF

catalyst exhibits a lower HOR half-wave potential (13mV) and 41

times higher mass activity than Pt/C. Pt-VN/NCNF also demon-

strates outstanding CO tolerance, with only a 3.3 % decrease in lim-

iting current at H2/1000ppm CO. When used as PEMFCs anode,

the PPD of Pt-VN/NCNF reaches 1.35W/cm2. A deeper understand-

ing of the structure-performance relationship and mechanisms of

VN-regulated Pt catalysts is key to developing high-efficient CO-

tolerant HOR catalysts.

Pt-VN/NCNF was prepared via electrospinning followed by

heat treatment (details can be found in Supporting information)

(Fig. 1a). Figs. 1b and c depict a 3D carbon fiber network (∼150nm

in diameter) without visible surface particles. Multiple uniformly

distributed nanoparticles with an average particle size of about

4.20nm were observed anchored on fibres by transmission elec-

tron microscopy (TEM) (Fig. 1d and Fig. S1 in Supporting informa-

tion). High-resolution transmission electron microscopy (HRTEM)

(Fig. 1e) reveals closely grown particles with distinct lattice orien-

tations, with measured spacings of 0.226nm and 0.207nm (Fig. S2

in Supporting information), corresponding to compressed Pt (111)

(standard: 0.227nm) and VN (200), respectively. From the elemen-

tal mapping in Figs. 1f and g, Pt and V exhibit a distinct aggre-

gation, while C and N are more evenly distributed. The content of

Pt and V was measured to be 1.03wt and 6.75wt by inductively

coupled plasma optical emission spectroscopy (ICP-OES).

Fig. 2a presents the XRD patterns of the different samples. For

Pt-VN/NCNF, peaks at 40.6°, 47.4°, and 68.7° are assigned to the

(111), (200), and (220) planes of Pt with face-centered cubic (fcc)

structure, respectively. These peaks shift to higher angles com-

pared to Pt/NCNF, indicating lattice compression of Pt due to V

incorporation. This compressive strain likely induces a downward

shift of the Ed, weakening intermediate adsorption and enhancing

HOR performance and CO resistance (vide infra). Pt-VN/NCNF also

Fig. 2. Electronic structures. (a) XRD patterns of Pt-VN/NCNF, Pt/NCNF and

VN/NCNF. (b) Wide-scan XPS spectra of Pt-VN/NCNF. (c) Pt 4f and (d) V 2p XPS

spectra. (e) Raman spectra of Pt-VN/NCNF, Pt/NCNF and VN/NCNF. (f) Work func-

tion drawing of Pt-VN/NCNF.

exhibits peaks at 37.8°, 43.8°, 63.6°, and 76.4° for the (111), (200),

(220), and (311) planes of VN (fcc).

To further analysis the strong electronic interactions between Pt

and V, X-ray photoelectron spectroscopy (XPS) analysis was con-

ducted. The wide-scan XPS spectra of Pt-VN/NCNF reveal the pres-

ence of Pt, V, C, N, O (Fig. 2b). As evidenced in Fig. 2c, the Pt

4f XPS of Pt/NCNF shows two pairs of spin-orbit peaks, Pt 4f5/2
and Pt 4f7/2, primarily embodied in Pt0 (75.3 eV, 72.0 eV) with a

small amount of Pt2+ (77.6 eV, 73.3 eV) attached [19]. Interestingly,

in Pt-VN/NCNF, V doping induces a 0.11 eV shift toward higher

binding energies, implying a reduced electron density around Pt.

Conversely, the V 2p peak in Pt-VN/NCNF shifts negatively by

0.22 eV towards the core energy level compared to pure V sam-

ple (VN/NCNF), indicating electron accumulation around V in Pt-

VN/NCNF (Fig. 2d) [20]. This phenomenon confirms the existence

of significant electronic interactions between Pt and V. The intro-

duction of V promotes the adsorption and dissociation of interme-

diates on Pt, which in turn improves the intrinsic catalytic activity

of Pt-VN/NCNF by lowering the energy barrier of HOR.

The Raman spectra (Fig. 2e) showed D and G bands at 1360

cm−1 and 1585 cm−1, respectively [21]. The D band indicates struc-

tural defects, while the G band reflects the graphite structure. Pt-

VN/NCNF exhibits a higher ID/IG ratio (1.36) than Pt/NCNF (1.21),

like VN/NCNF (1.33), suggesting that V introduction increases de-

fects, enhancing nanoparticle anchoring and active site exposure.

Additionally, Pt-VN/NCNF exhibits the lowest work function, indi-

cating a superior electron-donating ability that enhances hydrogen

dissociation and oxidation (Fig. 2f and Fig. S3 in Supporting infor-

mation).

The HOR performance of each sample was tested in H2-

saturated 0.1mol/L HClO4 solution. The HBE reflects the interaction

strength between H∗ and the catalyst surface, thereby indirectly

inferring the HOR performance of the catalyst [22,23]. Normally,

the position of the hydrogen underpotential deposition (Hupd) peak

corresponds to the magnitude of the HBE [24]. Fig. S4 (Support-
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Fig. 3. Electrocatalytic HOR activity. (a) HOR polarization curves in H2-saturated 0.1mol/L HClO4 of Pt-VN/NCNF, Pt/NCNF, VN/NCNF and Pt/C. (b) Tafel plots. (c) Linear current

potential region around the equilibrium potential. (d) Exchange current density and normalized mass activity for all catalysts. (e) HOR polarization curves before and after

ADT of Pt-VN/NCNF. (f) HOR polarization curves in pure H2 and H2/1000ppm CO-saturated 0.1mol/L HClO4 of Pt-VN/NCNF. Chronoamperometry responses of Pt-VN/NCNF

and Pt/C in (g) pure H2 and (h) H2/1000ppm CO-saturated 0.1mol/L HClO4.

ing information) shows that the Hupd peak of Pt-VN/NCNF occurs

at 0.05V, indicating weak H binding and superior HOR perfor-

mance. Fig. 3a and Fig. S5 (Supporting information) present that

Pt-VN/NCNF outperforms most catalysts with a half-wave poten-

tial of 13mV, lower than Pt/C (15mV), and exceeds most of the

HOR catalysts reported to date (Table S1 in Supporting informa-

tion). Moreover, in the diffusion-limited region, the limiting cur-

rent density (IL) of Pt-VN/NCNF is higher than that of commer-

cial Pt/C, manifesting its strong competitiveness. In contrast, the

half-wave potential of Pt/NCNF is as high as 70mV (Fig. 3a and

Fig. S5), and VN/NCNF is inert, highlighting the significant role of

V in enhancing H2 oxidation on Pt in Pt-VN/NCNF. Subsequently,

we analyzed the HOR polarization curves of the Pt-VN/NCNF cata-

lyst at different rotation speeds and calculated the slope using the

Koutecky-Levich equation, obtaining a value of 4.55, which is close

to the theoretical two-electron HOR value (Fig. S6 in Supporting

information), further confirming the excellent two-electron selec-

tivity of the Pt-VN/NCNF catalyst.

We also calculated the kinetic current density (jk) to assess

catalyst efficiency. As illustrated in Fig. 3b, Pt-VN/NCNF and Pt/C

exhibit nearly identical and significantly higher jk values than

pure metal catalysts in the −0.05∼0.05V range. The electrical

conductivity of VN/NCNF is 3.88 S/cm. Compared to the pure Pt

sample (Pt/NCNF) with a conductivity of 4.12 S/cm, the presence

of VN enhances the conductivity of Pt-VN/NCNF to 4.20 S/cm. This

enhancement indicates that VN improves the overall conductivity

of catalysts, accelerates electron transport, and optimizes HOR

kinetics. The exchange current density (j0) of the catalysts was

obtained by linear fitting in the micro-polarization region (−10–

10mV), and the j0 of Pt-VN/NCNF was 3.32mA/cm2, 6.9 times

higher than Pt/NCNF and 1.3 times higher than Pt/C (Figs. 3c and

d). Meanwhile, we also normalized the Pt mass to evaluate the

mass activity of each catalyst. As expected, Pt in Pt-VN/NCNF has

the largest utilization rate (1.26mA/μgPt), significantly outper-

forming Pt/NCNF and Pt/C (Fig. 3d), highlighting its superior HOR

activity under acidic conditions.

The stability of Pt-VN/NCNF was evaluated through accelerated

durability test (ADT) and chronoamperometry tests. As depicted

in Fig. 3e, after completing up to 40,000 CV scans, the IL of Pt-

VN/NCNF decreased by only 10.2%, while Pt/C decreased by 11.6%

after 10,000 CV scans (Fig. S7 in Supporting information). Fur-

thermore, Pt-VN/NCNF maintained 93.2% of its initial activity after

10h chronoamperometry test at 50mV, compared to 73.2% of Pt/C

(Fig. 3g). These results highlight the superior durability and stabil-

ity of Pt-VN/NCNF over Pt/C.

In industrial settings, CO inevitably mixes with H2. Since CO

adsorbs more strongly on Pt-based catalysts (adsorption heat:

134kJ/mol) than H2 (87.9 kJ/mol), CO tolerance becomes crucial

for commercialization. As anticipated, compared with commercial

Pt/C, Pt-VN/NCNF exhibited higher tolerance benefiting from the

electronic modulation of Pt by VN. As illustrated in Fig. 3f, when

H2 was replaced with a H2/1000ppm CO mixture, the IL of Pt-

VN/NCNF decreases slightly, with only a 3.3 % performance loss at

0.4V, outperforming Pt/C (16.1 %) and Pt/NCNF (74.6%) under the

same conditions (Fig. S8 in Supporting information). Also, its CO

tolerance exceeds most reported catalysts (Table S2 in Supporting

information).

Meanwhile, optimizing VN content is critical for promoting

HOR activity and CO tolerance, as an appropriate VN amount

(0.1mmol) effectively regulates the Pt electronic structure and en-

hances CO resistance, while excessive VN (0.3 and 0.4mmol) re-

duces active sites and weakens catalytic performance (Figs. S9 and

S10 in Supporting information). This result can be explained by

referring to the CO stripping curves, as the CO stripping peaks

can reflect the binding strength of CO to the catalyst (Fig. S11 in

Supporting information) [25]. The potentiostatic durability test at

100mV in an H2/1000ppm CO mixture revealed that Pt-VN/NCNF

retained 78.2% of its current after 10,000 s, while Pt/C only re-

tained 21.0% (Fig. 3h). This confirms the excellent performance ex-

hibited by Pt-VN/NCNF in the H2 reaction environment contain-

ing CO, positioning it as an effective catalyst for HOR with CO

impurities.
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Fig. 4. PEMFCs performances. (a) H2–O2 PEMFC polarization and power density of

Pt-VN/NCNF and Pt/C in the anode. (b) Pt-VN/NCNF-based H2–O2 PEMFC stability

tests at 500mA/cm2. (c) Polarization and power density curves under H2/(10, 100,

1000) ppm CO–O2 atmosphere of PEMFC with Pt-VN/NCNF in the anode. (d) Maxi-

mum peak power density value under H2/(10, 100, 1000) ppm CO–O2 atmosphere.

All the tests are conducted at 80 °C with 100% RH under 100kPa backpressures.

Considering its exceptional HOR activity and remarkable anti-

CO poisoning capacity, we opted to employ Pt-VN/NCNF as the an-

ode catalyst (0.06 mgPt/cm
2) and 60wt Pt/C as the cathode cata-

lyst (0.4 mgPt/cm
2) to construct a membrane electrode assembly

(MEA), aiming to thoroughly explore its underlying application po-

tential. In the H2–O2 environment, the Pt-VN/NCNF cell achieved

a peak power density (PPD) of 1.35W/cm2 at a current density of

4.00 A/cm2, slightly lower than the 1.48W/cm2 achieved by the

commercial Pt/C cell at 4.60 A/cm2 (Fig. 4a). This is primarily at-

tributed to the lower conductivity of Pt-VN/NCNF compared to Pt/C

(4.20 S/cm vs. 4.31 S/cm), along with its smaller specific surface

area and pore volume (Fig. S12 and Table S3 in Supporting infor-

mation), resulting in limited electron transport and reduced diffu-

sion efficiency of the reactive gases. Moreover, the Pt-VN/NCNF cell

also has excellent long-term durability. As shown in Fig. 4b, when

operating at a constant current density of 500mA/cm2 for 30,000 s,

the voltage only dropped by 1.3%.

In H2–air conditions, the Pt-VN/NCNF cell achieved a PPD of

0.66W/cm2 at 50 kPa, increasing to 0.83W/cm2 at 100kPa and

1.07W/cm2 at 200kPa (Fig. S13 in Supporting information). The

CO tolerance was tested with H2/CO mixture (10–1000ppm). The

Pt-VN/NCNF cell maintained PPDs of 1.00 and 0.72W/cm2 with

10ppm and 100ppm CO, respectively, and retained 0.56W/cm2

even at 1000ppm CO (Figs. 4c and d). In comparison, the PPD of

the Pt/C cell showed a sharp decline as the CO concentration in-

creased and completely lost performance at 1000ppm CO (Fig. S14

in Supporting information and Fig. 4d). This fully reveals that the

role of VN in suppressing CO poisoning, showcasing the potential

of Pt-VN/NCNF for practical applications.

To explore the intrinsic mechanism behind the superior HOR

performance and CO tolerance of Pt-VN/NCNF, we constructed

models and performed DFT calculations (Fig. S15 in Supporting in-

formation). The slice map of the differential charge density of Pt-

VN/NCNF in Fig. S16 (Supporting information) reveals that Pt is

electron-deficient, while V gains electrons. In heterogeneous catal-

ysis, the Ed reflects the electronic interactions between the cat-

alyst and reactants [26,27]. Compared with Pt/NCNF, the Ed of

Pt in Pt-VN/NCNF shifts downward after the introduction of V

atoms (Fig. 5a), reducing the adsorption energy of H∗. Additionally,
the electron-deficient Pt diminishes the electronic feedback to CO,

weakening CO adsorption on Pt. As indicated in Fig. S17 (Support-

ing information), the lower work function of Pt-VN/NCNF (4.13 eV)

Fig. 5. Theoretical studies on the mechanisms of HOR and anti-CO poisoning. (a)

The PDOS diagram for the Pt 5d orbital of Pt-VN/NCNF and Pt/NCNF. (b) �GH∗ on

Pt-VN/NCNF, Pt/NCNF and VN/NCNF. (c) H2 and (f) CO-TPD plots of Pt-VN/NCNF,

Pt/NCNF and VN/NCNF. (d) The PDOS diagram of Pt and CO during CO adsorption on

Pt-VN/NCNF and Pt/NCNF. (e) CO adsorption energy on Pt-VN/NCNF and Pt/NCNF.

than Pt/NCNF enhances electron transfer and facilitates H2 adsorp-

tion and activation, effectively promoting HOR process.

We calculated the Gibbs free energy of H∗ adsorption (�GH
∗) to

evaluate the adsorption strength of H∗. Given the moderate HBE,

Pt is usually used as an active site for HOR. As can be seen from

Fig. 5b and Fig. S18 (Supporting information), Pt-VN/NCNF has the

smallest �GH
∗ of −0.13 eV, close to the theoretical zero value [28],

reducing the energy barriers for H+ and e− generation. As a re-

sult, the Pt-VN/NCNF catalyst facilitates the HOR more efficiently,

reducing the activation energy and increasing the reaction rate.

In contrast, Pt/NCNF (−0.30 eV) and VN/NCNF (−0.38 eV) have a

larger �GH
∗ (Fig. 5b and Fig. S18), and excess adsorption energy

hinders H∗ desorption, leading to poorer HOR activity. The H2-TPD

plot in Fig. 5c shows that the desorption temperature of H2 on Pt-

VN/NCNF is lower than on Pt/NCNF and VN/NCNF, indicating that

V introduction weakens hydrogen atom adsorption on Pt-VN/NCNF.

Differential charge density analysis shows that in Pt-VN/NCNF,

CO transfers minimal charge to Pt, weakening CO adsorption,

whereas in Pt/NCNF, stronger charge transfer enhances Pt-CO

bonding and adsorption (Fig. S19 in Supporting information). Fur-

ther analysis reveals that after CO adsorption, the Ed of Pt in Pt-

VN/NCNF shifts downward, and compared to Pt/NCNF, the Ed is fur-

ther away from the 2π anti-bonding orbitals of CO (Fig. 5d). More-

over, the overlap between the Pt d-band and CO bonding orbitals

(1π and 5σ ) in the −5∼−7.5 eV range is smaller in Pt-VN/NCNF

than in Pt/NCNF (Fig. 5d) [29,30]. This indicates that VN profoundly

influencing the electronic interactions between Pt and CO, weak-

ening CO adsorption. Computational results in Fig. 5e and Fig. S20

(Supporting information) show that the CO adsorption energy on

Pt in Pt-VN/NCNF is −0.92 eV, lower than on V sites (−1.21 eV) and

pure Pt (−3.07 eV). Implying that CO is more likely to adsorb at

the V sites and is less likely to occupy a greater number of ac-

tive sites on the Pt-VN/NCNF surface, consistent with the CO-TPD

results (Fig. 5f). Compared to Pt/NCNF and VN/NCNF, CO desorp-

tion from Pt-VN/NCNF occurs at a lower temperature, indicating a

4
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stronger resistance of Pt-VN/NCNF to CO adsorption. Besides, in-

situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy

(DRIFTS) analysis shows a weaker CO adsorption peak (2104 cm−1)

on Pt-VN/NCNF than on Pt/NCNF (Fig. S21 in Supporting informa-

tion), indicating that VN modulation reduces CO binding strength

by lowering the electron density of Pt and hindering back-donation

to the 2π ∗ anti-bonding orbitals of CO.

In summary, we designed a Pt-VN/NCNF catalyst featuring a Pt-

VN heterojunction-loaded nitrogen-doped carbon nanofibers. VN

modulates the Pt d-band structure, balancing H∗ adsorption while

reducing electronic feedback to CO 2π ∗ anti-bonding orbitals.

The rearranged electronic structure of Pt also weakens the over-

lap with the CO 1π and 5σ bonding orbitals, enhancing CO re-

sistance. Pt-VN/NCNF maintains excellent HOR performance even

with 1000ppm CO, achieving a peak power density of 1.35W/cm2

and stability for over 30,000 s in H2–O2 conditions. The H2/CO en-

vironment (10–1000ppm) still exhibits fuel cell performance that

far exceeds that of commercial Pt/C. This work presents an effec-

tive new paradigm for modulating the electronic structure of Pt

to maintain high-performance CO-tolerant, high-performance cata-

lysts for efficient fuel cells.
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