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Abstract

High-temperature annealing often induces severe sintering of Pt nanoparticles in Pt/C
catalysts, resulting in activity degradation. Here, a carbon nitride—assisted thermal treatment
strategy is proposed to enhance the thermal stability of Pt/C. TG-FTIR and XPS analysis reveal
that nitrogen-containing species generated during carbon nitride decomposition play a key
role in suppressing Pt nanoparticle coalescence at intermediate temperatures. Although the
carbon nitride framework decomposes at high temperatures, residual graphitic and pyridinic
nitrogen species are retained and interact electronically with Pt, leading to a reduced Pt
binding energy. As a result, the carbon nitride—assisted Pt/C maintains a narrow particle size
distribution after annealing. Electrochemical measurements demonstrate that the assisted
catalyst retains oxygen reduction reaction activity comparable to commercial Pt/C after
thermal treatment at 700 °C, while the untreated sample shows pronounced performance
loss. Moreover, the assisted catalyst exhibits significantly improved durability after 20 000
cycles. This work offers a simple and effective approach to improving the thermal robustness
of Pt-based electrocatalysts for PEM fuel cells.

Keywords
Carbon nitride decomposition; platinum nanoparticles; sintering suppression; oxygen reduction
reaction; electrochemical durability

Introduction

Proton exchange membrane fuel cells (PEMFCs) represent a promising energy conversion
technology toward carbon-neutral energy systems. However, the slow kinetics of the cathodic
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oxygen reduction reaction (ORR) and the high cost of catalysts remain key bottlenecks to its large-
scale application. Currently, platinum-based carbon-supported catalysts (Pt/C) dominate due to
their excellent activity and mature processes [1-3]. However, the scarcity of platinum resources and
high prices have prompted researchers to adopt strategies such as improving platinum atom
utilization and enhancing catalyst stability to alleviate platinum dosage and durability issues.

Current efforts to improve the ORR performance of Pt/C catalysts primarily focus on alloying,
support engineering, and structural optimization, often relying on high-temperature thermal
treatment [4-10].

However, such treatments inevitably induce Pt nanoparticle coarsening via Ostwald ripening,
leading to severe loss of electrochemically active surface area (ECSA) and creating a trade-off between
process optimization and catalytic performance. Therefore, developing strategies to suppress Pt
sintering during high-temperature treatment is crucial for advancing Pt/C catalyst performance.

As is well known, surface ligands are a common method to improve the stability of metal
nanoparticles, but the interaction between ligands and carbon supports is weak and they decompose
and fail at high temperatures. Recently, the process of reducing catalyst deactivation by coating the
catalyst surface has received widespread attention, particularly the inert atomic-layer coating of metal
catalysts, which has been reported to significantly improve their catalytic activity and stability [11,12].
However, synthesizing atomic layer coatings is very challenging, and an excessively thick shell structure
will hinder mass transfer, leading to a significant decrease in activity. Therefore, the development of a
dynamic confined system that combines high-temperature stability and interfacial reactivity has become
a challenging problem in the field. Previous studies have shown that nitrogen doping/modification (via
methods such as heteroatom-doped carbon synthesis, surface functionalization, or post-treatment) of
carbon supports can improve the performance and durability of Pt/C electrocatalysts by enhancing Pt
dispersion and strengthening metal-support interactions [13-16]. However, many reported strategies
rely on pre-synthesized N-doped carbon supports, which usually require additional synthesis steps and
are often tailored to specific catalyst systems.

Carbon nitride polymer materials exhibit excellent support functions in the field of photo
(/electro)-catalysis due to their nitrogen-rich electronic structure and tuneable interfacial chemistry.
Their triazine ring skeleton and abundant functional groups such as amino (-NH,), imine (-NH-) and
cyano (-C=N) on the surface can form strong interactions with metal species (such as nanoparticles,
single atoms, etc.) through coordination or electrostatic adsorption, giving them excellent metal
anchoring ability [17-22]. However, existing research on carbon nitride is mostly focused on
photocatalytic systems [23-27], and its mechanism for auxiliary regulation of metal anchoring in
catalyst synthesis remains unclear. Based on the unique advantages of carbon nitride materials and
the balance between traditional static confinement strategies (such as carbon coating and core-shell
structures) in improving the high-temperature stability and activity of metal nanoparticles, this
study proposed an auxiliary heat treatment strategy for polymer carbon nitride (g-CsNa4). By
constructing a synergistic mechanism of "thermodynamic anchoring (N-Pt bonding)" and "kinetic
hindrance (nitrogen defect steric confinement)", the migration behaviour of Pt nanoparticles under
high-temperature conditions is effectively suppressed.

Experimental

Preparation of samples

Commercial Pt/C (20 wt.% Pt on Vulcan XC-72, donated as Pt/C) was purchased from Shanghai
Macklin Biochemical Industrial Co., Ltd. g-CsN4 was prepared by using the conventional method
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reported previously [28,29]. In this case, typically 10 g of melamine was placed in an alumina crucible
with a lid and heated at 4 °C min to 550 °C, then held at 550 °C for 5 h. The resultant yellow material
was milled to a fine powder using a mortar and pestle. Carbon nitride—assisted Pt/C catalysts were
synthesized at 400, 500, 600, 700, 800 and 900 °C (denoted as 400GPtC, 500GPtC, 600GPtC,
700GPtC, 800GPtC and 900GPtC, respectively). In a typical process, commercial Pt/C (25 mg) and g-
C3Ng4 (2.5 mg) were separately dispersed in acetone (1 mL) and ultrasonicated to obtain homoge-
neous suspensions. The two suspensions were then combined and magnetically stirred until
complete solvent evaporation. The resulting solid was further dried in an oven at 60 °C for 5 h.
Subsequently, the dried powder was subjected to thermal treatment under an argon atmosphere,
with a heating rate of 4 °C min™ up to 700 °C, followed by holding at this temperature for 3 h. After
naturally cooling to room temperature, the g-CsNs—assisted Pt/C catalyst was obtained.

For comparison, commercial Pt/C also undergoes the same heat treatment at different
temperatures (denoted as 400PtC, 500PtC, 600PtC, 700PtC, 800PtC and 900PtC, respectively).

Sample characterization

Phases in the samples were identified using an X-ray diffractometer (XRD, X’'Pert Pro, Philips,
Netherlands) with Cu-Ka radiation (A = 15.406 nm) operated at 40 kV and 40 mA, at a scanning rate
of 2° min'! and a step size of 20 = 0.02°. X-ray photoelectron spectroscopy (XPS) examination was
carried out on a VG Multilab 2000 instrument (Thermo Electron Co., USA) using 300 W Al Ka as the
excitation source. In this case, the samples were subjected to high vacuum before being introduced
into the analysis chamber. The binding energies from XPS were referenced to the C1s binding energy
(284.6 eV) of “adventitious” carbon contamination. Morphologies of product phases were examined
using a transmission electron microscope (TEM, 2000F, Jeol Ltd., Japan) (TEM samples were loaded
onto a copper microgrid coated with a thin amorphous carbon film). Fourier transform infrared
(FTIR) spectra of samples (embedded in KBr pellet) were recorded within the frequency range of
4000 to 500 cm™ and with a resolution of 4 cm™ using a FTIR spectrometer (VERTEX 70, Germany).
Thermogravimetric (TG) analysis was performed by a thermogravimetric analyser (TA Instruments,
Q5000IR). TG-FTIR measurements were performed using a Bruker FTIR spectrometer coupled with
a NETZSCH STA 449 F5 thermal analyser (Bruker TGA-IR / NETZSCH STA 449 F5).

Electrochemical measurements

Electrochemical measurements were performed on a CHI760e electrochemical workstation
(Chenhua Instruments, Shanghai, China). The electrocatalytic performances of the catalysts were
evaluated using a rotating disk electrode (RDE). The RDE was employed as a working electrode (5
mm in diameter), a Pt plate (1010 mm, 0.1 mm thick) was used as the counter electrode, and the
Ag/AgCl (saturated KCI, with a salt bridge) was utilized as the reference electrode. All potentials
were experimentally converted to values referenced to the reversible hydrogen electrode (RHE).
The reference electrode was calibrated to RHE in Hz-saturated 0.1 M HClOa.

The as-prepared catalysts were dispersed in a mixture containing ethanol and Nafion (5 vol.%,
1.9:0.1 mL) to form a 5 mg condition and 4 uL of the ink was cast on the glassy carbon and dried
under ambient conditions. The Pt mass loading was calculated to be: Pt mass per disk: 2.0 ug; Pt
mass loading: 10.2 pg cm™.

The cyclic voltammetry (CV) measurements were performed in Nz-saturated 0.1 M HCIO4
solutions at a scan rate of 50 mV s after catalyst activation. The electrochemically active surface
area (ECSA) was calculated by integrating the hydrogen underpotential deposition (Hupd) peak in
cyclic voltammetry. The oxygen reduction reaction (ORR) polarization curves were recorded in
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Oz-saturated 0.1 M HCIO4 using a rotating-disk electrode at a rotation rate of 1,600 rpm and a sweep
rate of 10 mV s, ORR activity was evaluated by comparing the LSV polarization curves and the
corresponding half-wave potentials, because mass activity is not suitable for a meaningful
comparison across all samples in this study: for severely deactivated catalysts, the current at 0.90 V
is extremely low (or negligible), making mass-activity values at this potential unreliable and not
representative of their overall ORR behaviour.

Accelerated durability test (ADT) was performed at room temperature by applying cyclic sweeps
between 0.6 and 1.0 V vs. RHE in Oz-saturated 0.1 M HCIO4 at a sweep rate of 100 mV s™1. All
polarization curves were iR corrected.

Results and discussion

The morphology and particle-size evolution of Pt nanoparticles were compared by TEM for the
commercial Pt/C catalyst, the commercial Pt/C after heat treatment at 500 °C, and the commercial Pt/C
modified with g-CsN4, followed by the same thermal treatment. As shown in the TEM images and the
corresponding particle size distribution histograms (Figure 1), the as-received commercial Pt/C exhibits
well-dispersed Pt nanoparticles with an average particle size of approximately 2.4 nm and a relatively
narrow size distribution. After thermal treatment at 500 °C, pronounced particle coarsening is observed
for the commercial Pt/C, characterized by a significant increase in the average particle size to 3.5 nm and
a broadened size distribution, indicative of severe nanoparticle sintering. In contrast, the g-CsNas-
modified commercial Pt/C subjected to 500 °C annealing retains much smaller Pt nanoparticles with an
average size of around 2.6 nm, along with a notably narrower particle size distribution.
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Figure 1. TEM images and corresponding particle size distribution histograms of different samples: (a) and (d)
commercial Pt/C, (b) and (e) commercial Pt/C heat-treated at 500 °C, (c) and (f) Pt/C with added g-CsN, heat-
treated at 500 °C. All scale bars are 100 nm

The difference in carbon support in Pt/C (Vulcan XC-72) may be from an intrinsic particle/aggre-
gate size distribution or some variation during the treatment process. These results clearly
demonstrate that the introduction of g-C3N4 effectively suppresses the thermally induced sintering
of Pt nanoparticles during heat treatment.

The thermal sintering behaviour of Pt/C was further investigated by TEM analysis after heat
treatment at different temperatures (500, 600, 700, 800 and 900 °C). As shown in the TEM images
and the corresponding particle size distribution histograms (Figure 2), a pronounced increase in the
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average Pt nanoparticle size was observed with increasing annealing temperature, accompanied by
a progressively broadened size distribution. This size evolution is consistent with a thermally driven
ripening process, such as Ostwald ripening, in which smaller Pt nanoparticles gradually dissolve and
redeposit onto larger ones during high-temperature treatment, leading to the growth of larger
particles at the expense of smaller ones.
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Figure 2. TEM images and corresponding particle size distribution histograms of commercial Pt/C heat-
treated at (a) 500; (b) 600; (c) 700; (d) 800 and (e) 900 °C. All scale bars are 100 nm

The effect of carbon nitride addition on the thermal sintering behaviour of Pt/C was also
examined by TEM after heat treatment at various temperatures (Figure 3). In contrast to pristine
Pt/C, the Pt nanoparticles in the carbon nitride-modified Pt/C exhibited remarkable resistance to
particle growth upon thermal annealing.
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Figure 3. TEM images and corresponding particle size distribution histograms of Pt/C with added g-CsN,4
heat-treated at (a) 400; (b) 500; (c) 600; (d) 700; (e) 800 and (f) 900 °C. All scale bars are 100 nm
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As revealed by TEM images and corresponding particle size distribution histograms, the average
Pt particle size increased only slightly up to 700 °C, remaining 2.6 to 3.1 nm, indicating effective
suppression of high-temperature Ostwald ripening. Moreover, the particle size distribution became
noticeably narrower compared to that of Pt/C without carbon nitride, suggesting improved
uniformity of Pt nanoparticles after thermal treatment.

The phase evolution and thermal sintering behaviour of Pt nanoparticles were further investi-
gated by X-ray diffraction (XRD) using g-CsNs-assisted Pt/C (denoted as GPtC) subjected to heat
treatment at temperatures ranging from 400 to 900 °C, with pristine Pt/C serving as a reference. As
shown in Figures 4a and 4b, the XRD patterns of both samples exhibit characteristic diffraction peaks
corresponding to metallic Pt, with noticeable differences in peak intensity and broadening as a
function of annealing temperature.
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Figure 4. XRD patterns of (a) Pt/C and (b) g-CsN, assisted Pt/C at different heat treatment temperatures;
(c) Pt grain size and (d) Pt (111) crystal plane diffraction peak position as a function of heat treatment
temperature

The Pt crystallite sizes calculated using the Scherrer equation are summarized in Figure 4c. It is
evident that the introduction of g-C3Na significantly suppresses the growth of Pt crystallites within
the temperature range of 500 to 700 °C, resulting in smaller crystallite sizes compared to Pt/C
treated at the same temperatures. In addition, the temperature-dependent evolution of the Pt (111)
diffraction peak position is shown in Figure 4d, indicating that the Pt lattice parameter is
predominantly governed by the thermal treatment temperature and shows negligible dependence
on the presence of g-C3Na.

To elucidate the role of carbon nitride during the thermal treatment process, the thermal
decomposition behaviour of g-CsNs4 was first investigated by combined TG-FTIR and TG-DTA
analyses. As revealed by the TG-FTIR results (Figure 5a), the evolution of gaseous species associated
with carbon nitride decomposition becomes detectable at approximately 500 °C, where the
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emergence of cyano-containing species is observed. Upon further increasing the temperature to
around 600 °C, g-CsN4 undergoes pronounced decomposition, accompanied by the release of cyano,
amino, and triazine-related fragments. Consistently, the TG-DTA profile (Figure 5b) shows the onset
of mass loss at about 500 °C, followed by an accelerated decomposition process above 600°C, and
the complete decomposition of g-C3N4 at approximately 750 °C. In this TG-DTA measurement, the
DTA trace records the differential thermal response of the sample relative to an inert reference
under the same heating program; the ordinate is defined as the mass-normalized thermal effect
(mW mg?), an instrument-calibrated heat-flow-like signal, that is proportional to the temperature
difference (AT = Tsample — Tref), With the peak direction (endothermic/exothermic) following the
instrument’s sign convention. Accordingly, an accelerated decomposition process is observed above
600 °C, and g-CsN4 is completely decomposed at approximately 750 °C. Based on the analysis of the
thermal pyrolysis process, the generation of cyano-species around 500 °C is proposed to suppress
the sintering of Pt nanoparticles during high-temperature treatment.
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Figure 5. (a) Thermogravimetry-Fourier transform infrared spectra of evolved gases and (b) thermogravi-
metry-differential thermal analysis curves of treatment of g-CsN,, recorded at 5 °C min™ from 25 to 800 °C

To further probe the structural evolution of carbon nitride during thermal treatment and its
interaction with Pt/C, X-ray photoelectron spectroscopy (XPS) was performed on the carbon nitride-
modified Pt/C samples annealed at 500 and 700 °C. At 500 °C, the XPS results reveal clear signatures
characteristic of intact g-CsN4, as evidenced by the presence of triazine/heptazine-related features
in the C 1s and N 1s spectra (Figure 6a and 6b). In contrast, after heat treatment at 700 °C, the
contribution from triazine-ring structures in the C 1s region is significantly diminished, indicating
substantial decomposition of the carbon nitride framework (Figure 6c). Nevertheless, the N 1s
spectra of the 700 °C, treated sample still exhibit discernible components associated with graphitic
N and pyridinic N species (Figure 6d). Consistently, the FTIR spectra (Figure 7) show distinct carbon
nitride-related vibrational modes at 500 °C, whereas the characteristic triazine-ring vibrations are
markedly weakened at 700 °C.

These results collectively suggest that, although the long-range g-CsNas structure is largely
decomposed at elevated temperatures, nitrogen-related defects such as graphitic and pyridinic N
are retained in the 700°C-treated sample, inherited from the original carbon nitride and potentially
contributing to the stabilization of Pt nanoparticles.

XPS wide spectra (Figure 6e) of different samples show that carbon nitride-assisted PtC samples
contained C, N, O, and Pt elements. The electronic interaction between Pt and nitrogen species was
further examined by Pt 4f X-ray photoelectron spectroscopy (XPS). As shown in Figure 6f, the Pt 4f
spectra of the carbon nitride, modified Pt/C, exhibit an apparent shift toward lower binding energies
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compared with those of pristine Pt/C. Specifically, the Pt 4f 7/2 peak shifts from approximately 71.2
to 70.9 eV after the introduction of carbon nitride.
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same heat treatment at 500 °C, while g-CN denotes pristine g-CsNa)
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This negative shift in binding energy suggests an increased electron density on Pt, which is
commonly associated with electronic interactions between Pt and nitrogen-containing species. Such
electron donation from nitrogen species to Pt is expected to strengthen the metal, support
interaction and contribute to the enhanced thermal stability of Pt nanoparticles.

Based on the combined TEM, XRD, TG-FTIR, XPS, and electrochemical analyses, a plausible
mechanism for the suppression of Pt nanoparticle sintering by g-CsN4 during thermal treatment is
proposed. As shown in Figure 8, Pt/C without g-CsNa exhibits significant ripening after heat
treatment. During annealing at temperatures around 500 °C, g-CsN4 begins to undergo thermal
decomposition, accompanied by the generation of nitrogen-containing species, including cyano-
related fragments, as evidenced by TG-FTIR analysis.
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Figure 8. Schematic illustration of the g-CsNs-assisted anti-sintering mechanism of Pt nanoparticles during
thermal treatment

These species, together with the residual carbon nitride framework, are expected to interact with
Pt nanoparticles and the carbon support, forming transient or persistent nitrogen-containing
surface environments. Such interactions can effectively anchor Pt nanoparticles, reduce their
surface mobility, and hinder thermally driven particle migration and coalescence. At elevated tem-
peratures (2700 °C), although the long-range g-C3Na structure is largely decomposed, XPS and FTIR
results indicate the retention of nitrogen-related defects, such as graphitic and pyridinic N species,
on the carbon support. These nitrogen functionalities can serve as strong anchoring sites for Pt
nanoparticles through electronic interactions, as reflected by the negative shift in Pt 4f binding
energy. The enhanced metal-support interaction increases the energetic barrier for Pt atom
detachment and surface diffusion, thereby mitigating Ostwald ripening and suppressing particle
growth. As a result of these synergistic effects, including transient nitrogen-containing species
during intermediate-temperature annealing and stable nitrogen defects at higher temperatures, the
g-C3Ny-assisted Pt/C catalyst exhibits significantly improved resistance to thermal sintering,
preserving both nanoparticle size and ORR activity after high-temperature treatment.

The oxygen reduction reaction performance of the catalysts was evaluated by CV and LSV (Figure 9).
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Figure 9. CV and LSV curves of different Pt/C samples and corresponding accelerated durability testing
involving 20,000 potential cycles in 0.1 M HCIO,4 solution. The sample 700PtC and 700GPtC refer to Pt/C
catalysts and the carbon nitride-assisted Pt/C catalysts subjected to heat treatment at 700 °C, respectively.
20000 refers to the measurement taken after 20,000 potential cycles

After thermal treatment at 700 °C, the carbon nitride-assisted Pt/C catalyst exhibits ORR activity
comparable to that of the commercial Pt/C, as reflected by a similar electrochemically active surface
area (ECSA) of 69.6 m? g™' (vs. Pt/C 69.4) and a half-wave potential of 0.83 V vs. RHE. This preserved
activity indicates that the addition of carbon nitride effectively suppresses the thermal sintering and
ripening of Pt nanoparticles during high-temperature treatment. In contrast, the Pt/C catalyst without
carbon nitride shows a pronounced degradation in ORR performance after annealing at 700 °C,
characterized by a reduced ECSA of 48.3 m? g and a negatively shifted half-wave potential of 0.70 V
vs. RHE, consistent with severe particle coarsening.

Furthermore, accelerated durability tests revealed that after 20,000 potential cycles, the ORR
activity of Pt/C decreases significantly, with the half-wave potential shifting by 331 mV and the ECSA
retention dropping to 27.0 %. By comparison, the carbon nitride-assisted, thermally treated Pt/C
catalyst exhibits substantially improved durability, showing a much smaller loss in half-wave
potential of 72 mV and an ECSA retention of 80.6 % after the same cycling protocol. These results
demonstrate that carbon nitride — assisted thermal treatment effectively enhances both the high-
temperature stability and long-term ORR durability of Pt/C catalysts.
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Conclusions

This work demonstrates that carbon nitride can act as an effective transient stabilizing additive
during high-temperature thermal treatment, suppressing Pt nanoparticle sintering on carbon
supports. Although the carbon nitride framework partially decomposes at elevated temperatures, the
residual nitrogen species remain electronically coupled with Pt, mitigating particle coarsening and
preserving catalytic activity. As a result, the carbon nitride-assisted Pt/C catalyst retains ORR perfor-
mance comparable to commercial Pt/C even after annealing at 700 °C, while exhibiting significantly
improved durability during long-term cycling. This strategy provides a simple, scalable, and material-
agnostic approach for enhancing the thermal robustness and operational stability of Pt-based
electrocatalysts, offering a broadly applicable pathway for the rational design of durable catalysts for
fuel cell and related electrochemical energy conversion systems.
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