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Hydrogen production through water electrolysis represents a promising green pathway for future hydrogen
generation. The development of catalyst materials capable of lowering the reaction energy barrier is crucial
for improving electrolysis efficiency. This study synthesized a series of N and Ni co-doped Pt/TiO,@C
catalysts and systematically investigated the effects of N and Ni incorporation on their structure and
electrocatalytic performance. Among them, Pt/TiO,@1%Ni-N-C exhibited the optimal performance, with
an overpotential as low as 84 mV and a Tafel slope of 115 mV dec™!. Characterization results revealed
the uniform distribution of Pt nanoparticles and the presence of an anatase TiO, crystalline phase.

Increasing the Ni loading significantly enhanced the specific surface area of the catalysts while reducing
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atoms on the support. The strengthened interaction between pyridinic N and Ni atoms promoted the
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1. Introduction

In recent years, the global energy crisis has intensified, which is
largely attributable to the emission of hazardous gases from the
combustion of traditional fossil fuels, which causes severe
environmental damage." Consequently, the development of
clean, pollution-free renewable energy sources has become
a major research focus. Hydrogen energy is particularly attrac-
tive due to its zero-emission nature, high energy density, and
the abundance of raw materials.»* Recent advances in hetero-
geneous catalysis have further expanded the possibilities for
efficient hydrogen production through innovative catalyst
design strategies.*® Among various hydrogen production path-
ways, water electrolysis offer advantages such as rapid reaction
rate and high product purity, positioning it as a promising
primary method for future hydrogen generation.®® However,
the intermediate steps of the oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) possess large kinetic
barriers under ambient conditions.**® Thus, designing efficient
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catalyst materials to reduce these energy barriers is essential for
enhancing the overall performance of water electrolysis.
Pt-based catalysts are recognized as excellent HER catalysts,
but their high cost and tendency for nanoparticle agglomera-
tion at high Pt loadings limit their large-scale industrial appli-
cation."»"* To reduce Pt usage, supported metal catalysts are
commonly employed, where metal nanoparticles are dispersed
on a high-surface-area support to improve mass-specific cata-
Iytic efficiency.*®* Carbon black is widely used as a support for Pt-
based HER catalysts due to its high specific surface area and
good electrical conductivity. Recent efforts have also explored
the use of sustainable carbon sources, such as biomass-derived
carbons, for catalyst support applications, demonstrating the
potential for environmentally friendly catalyst design.™
However, carbon supports are susceptible to corrosion under
high potentials and during long-term operation in fuel cells,
leading to Pt nanoparticle agglomeration, detachment, and
performance degradation.*'® To address this issue, we
modified the carbon support with metal oxide TiO,, which
exhibits superior chemical and electrochemical stability,
thereby significantly enhancing the catalyst's durability.
Heteroatom-doped carbon materials represent a novel class
of materials with unique electronic structures and chemical
properties.”” Nitrogen-doped carbon materials, in particular,
have garnered widespread attention in catalysis. The similar
atomic sizes of nitrogen and carbon minimize structural
distortion of the carbon framework during doping, while the
five valence electrons of nitrogen facilitate strong covalent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bonding with carbon atoms.'** When used as a support, N-
doped carbon strengthens the metal-support interaction
(MSI), thereby optimizing catalyst performance.* The high
electronegativity of nitrogen also improves the electronic
conductivity of the material. However, excessive nitrogen
doping may lead to the collapse of the carbon skeleton.” The
incorporation of nitrogen influences the catalyst in several
ways: (1) it affects the nucleation and growth rates of active
components during synthesis; (2) it modifies the interaction
between active components and the support; (3) it alters the
electronic structure of the metal.>* Furthermore, nitrogen
doping introduces defects into the carbon lattice, which can
enhance the interaction between the carbon support and Pt
nanoparticles.”®

For the catalyst itself, the incorporation of nitrogen effec-
tively modulates its overall acidity/basicity and wettability,
thereby optimizing its activation capability toward reactants.
The dispersion and stability of surface active components are
also improved by nitrogen addition. Currently, N-doped carbon
materials are extensively applied in various energy and envi-
ronmental catalysis fields, including electrolysis and
batteries.'®*”® Advanced in situ characterization techniques,
such as Raman spectroscopy, have recently provided valuable
insights into the dynamic behavior of catalyst surfaces during
electrochemical reactions, further underscoring the importance
of understanding structure-activity relationships at the molec-
ular level.*!

Nitrogen species in the carbon matrix can exist in several
forms, including pyridinic N, pyrrolic N, graphitic N, and
oxidized N (Fig. 1).** Pyridinic N possesses a lone pair of elec-
trons capable of donating electrons, while graphitic N contrib-
utes to the conjugated system of the adjacent carbon
structure.*®* The distribution of nitrogen species depends
primarily on the doping method and temperature. As the
doping temperature increases, the overall nitrogen content
tends to decrease, with pyridinic and pyrrolic N decomposing
preferentially, leaving the more stable graphitic N.>*3¢

Transition metal-based catalysts, including Ni, Co, and their
derivatives, have attracted significant attention for electro-
catalytic water splitting.>*” Ni species exhibit a unique capa-
bility to cleave water molecules, making them efficient co-
catalysts for alkaline HER.*®*** Moreover, Ni demonstrates
higher stability compared to other metal oxides and
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Fig. 1 Schematic diagram of nitrogen species in doped carbon
structures.
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hydroxides.**** Compared with other transition metals (e.g:, Co,
Fe, Cu), Ni offers a more favorable balance between water
dissociation kinetics and cost-effectiveness, and has been
widely demonstrated to form strong coordination with N-doped
carbon supports, leading to enhanced metal-support interac-
tion and charge redistribution.**** These characteristics make
Ni an ideal co-dopant for modulating the electronic structure
and HER activity of Pt-based catalysts. It is noteworthy that Ni
incorporation also influences the metal-support interaction
within the catalyst, potentially inducing charge redistribution
within the support.®**>*

In this work, we employed TiO, to modify the carbon
support, thereby enhancing its stability. Subsequently, N and Ni
were introduced onto the support, followed by the loading of Pt
as the active component, to systematically investigate the effects
of N and Ni incorporation on the catalyst's structure and HER
performance.

2. Materials and methods
2.1 Experimental reagents and instruments

Carbon black was obtained by Cabot Corporation. Tetraethyl
titanate, nickel nitrate hexahydrate (Ni(NO;),-6H,0) and
chloroplatinic acid hexahydrate (H,PtCls-6H,0) were
purchased from Sinopharm Chemical Reagent Co., Ltd. All
liquid and solid materials used in this work have analytical
purity, while all gaseous materials are of ultra-high purity
(>99.99%).

2.2 Catalyst synthesis

2.2.1 Pretreatment of carbon black. Carbon black was acid-
treated with a 1:5 (v/v) mixture of hydrochloric acid (HCI) and
nitric acid (HNOj3) at 120 °C for 6 h. After natural cooling and
standing overnight, the mixture was filtered under suction and
washed 2-3 times with ethanol. The washed carbon black was
dried in a vacuum oven at 80 °C for 4 h, followed by heat
treatment at 500 °C for 4 h under an Ar atmosphere to remove
excess surface hydroxyl groups.

2.2.2 TiO, modification of C support. A solution was
prepared with tetraethyl titanate, hydrochloric acid, and
ethanol with a volumetric ratio of 0.5:1:0.5. Then, 300 mg of
carbon powder was added, and the mixture was ultrasonically
dispersed at 60 °C for 2 h. A suitable amount of CH;COOH was
added to promote hydrolysis. After drying at 60 °C for 1 h, this
mixture was left standing overnight. The resulting product was
centrifuged, vacuum-dried at 80 °C for 3 h, and finally calcined
at 500 °C for 4 h under Ar atmosphere to obtain the TiO,@C
support.

2.2.3 N-doping of TiO,@C to obtain TiO,@N-C. The
TiO,@C support was placed in a tube furnace, purged with Ar
for 30 min to remove air, and then treated under an NH;
atmosphere at 600 °C for 3 h.

2.2.4 Ni loading on TiO,@N-C to obtain TiO,@1%Ni-N-C
and TiO,@3%Ni-N-C. Solutions containing 1 wt% and 3 wt%
Ni were prepared by dissolving Ni(NO;),-6H,0 in 10 mL
solvent. Then, 100 mg of the TiO,@N-C support was added to
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each solution, ultrasonicated for 1 h, and vacuum-dried at 80 °C
for 24 h. The dried samples were calcined at 600 °C for 6 h under
Ar atmosphere to obtain TiO,@1%Ni-N-C and TiO,@3%Ni-N-C
supports.

2.2.5 Preparation of Pt/TiO,@N-C, Pt/TiO,@1%Ni-N-C,
and Pt/TiO,@3%Ni-N-C catalysts. The required mass of
chloroplatinic acid hexahydrate (H,PtCls-6H,0) was calculated
based on a 20 wt% Pt loading. Then, 100 mg portions of
TiO,@1%Ni-N-C, TiO,@3%Ni-N-C, and TiO,@N-C were sepa-
rately added to the H,PtClg solution, ultrasonicated for 20 min,
stirred at 60 °C for 2 h, and left standing overnight. The prod-
ucts were centrifuged and washed the next day, followed by
vacuum drying at 80 °C for 3 h.

2.2.6 Liquid phase reduction of catalysts. 100 mg of the Pt-
loaded support was mixed with 4 mL of ethylene glycol and
6 mL of formaldehyde, and the mixture was stirred at 50 °C for
5 h to reduce the Pt precursors. The resulting catalyst was
washed 2-3 times with ethanol and dried at 80 °C for 3 h.

2.3 Catalyst characterization

The detailed characterization process of these catalysts could be
discovered in SI.

2.4 Performance evaluation of catalytic hydrogen evolution
reaction

The detailed electrochemical measurements process of these
catalysts could be discovered in SI. And the corresponding
electrochemical measurement instrument was shown in Fig. S1,
in SI.

3. Results and discussion
3.1 Basic physicochemical characterization

3.1.1 XRD analysis. X-ray diffraction (XRD) analysis was
conducted to investigate the crystalline phases present in the
catalysts, with careful attention to distinguishing between

ATIO, — PyTiO,@N-C
oNi — Pt/TiO,@1% Ni-N-C
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Fig. 2 XRD patterns of Pt/TiO,@3%Ni-N-C, Pt/TiO,@1%Ni-N-C, and
Pt/TiO,@N-C catalysts.
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structural modifications resulting from doping and the forma-
tion of new crystalline compounds. Fig. 2 presents the XRD
patterns of the Pt/TiO,@3%Ni-N-C, Pt/TiO,@1%Ni-N-C, and Pt/
TiO,@N-C catalysts. According to the ICDD PDF cards (No. 21-
1272 and 21-1276), the diffraction peaks at 2 = 25.3°, 37.8°,
48.1°, 54.5°, and 63° correspond to the (101), (004), (200), (211),
and (204) crystal planes of anatase TiO,, respectively.

In the pattern of Pt/TiO,@N-C, two distinct features are
observed at approximately 13.0° and 27.4°. The peak at ~13.0°
is characteristic of the (100) plane of graphitic carbon nitride (g-
C3N,)-like structures, while the broad feature at ~27.4° corre-
sponds to the (002) plane of graphitic carbon or nitrogen-
containing carbon species. It is important to clarify that these
features do not indicate the formation of a discrete new mate-
rial such as a “metallic polymer” or a separate polymeric phase.
Rather, they reflect the structural modification of the carbon
support through nitrogen doping during NH; treatment, where
nitrogen atoms are incorporated into the carbon framework,
creating localized domains with structural characteristics
resembling those of nitrogen-doped carbon materials.

Upon Ni doping, significant changes are observed in the XRD
patterns. The peak at ~13.0° completely disappears in both Pt/
TiO,@1%Ni-N-C and Pt/TiO,@3%Ni-N-C. This disappearance
suggests that Ni atoms insert into the layered structure of the
nitrogen-containing carbon domains, disrupting their long-
range order and leading to their conversion into a more disor-
dered N-doped carbon matrix. Concurrently, new peaks emerge
at ~20.2° and ~27.4° in the Ni-doped samples. The peak at
20.2° corresponds to the (001) plane of B-Ni(OH), (JCPDS No.
14-0117), indicating the presence of nickel hydroxide species
formed during the synthesis. The peak at 27.4°, while still
assignable to the (002) plane of graphitic carbon or residual
nitrogen-containing carbon, exhibits broadening and intensity
changes that reflect the structural modification induced by Ni
incorporation into the carbon matrix.

With increasing Ni content, additional peaks appear at 20 =
42.5°, 44.2°; 46.9°, and 52.4°. These are characteristic of
metallic Ni in two crystal phases: the face-centered cubic (FCC)
phase (peaks at 44.2° and 52.4° corresponding to the (111) and
(200) planes) and the hexagonal close-packed (HCP) metastable
phase (peaks at 42.5° and 46.9°). The emergence of these peaks
confirms the successful loading of Ni onto the support, with Ni
existing in multiple chemical states including metallic Ni° and
B-Ni(OH),. The partial reduction of Ni species to metallic Ni°
likely occurs through interaction with the carbon support
during calcination.

Notably, a weak but discernible peak at ~40.0° is observed in
all Pt-loaded samples, which corresponds to the (111) plane of
face-centered cubic metallic Pt (JCPDS No. 04-0802). This peak
confirms the successful loading of Pt nanoparticles onto the
catalyst supports. The relatively low intensity of this peak may
be due to the small particle size, high dispersion of Pt nano-
particles, or partial overlap with other reflections.

In summary, these XRD results demonstrate that NH;
treatment leads to nitrogen doping of the carbon support, as
evidenced by features resembling those of nitrogen-doped
carbon structures. Ni incorporation disrupts the ordered

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nitrogen-containing domains while introducing Ni-containing
species including B-Ni(OH), and metallic Ni—representing
successful Ni loading rather than the formation of a separate
polymeric phase from the carbon matrix itself. Pt remains in its
metallic state, confirming successful catalyst preparation. The
structural evolution observed by XRD directly supports our
conclusion that Ni is successfully incorporated into the N-
doped carbon matrix, modifying its structural order and
creating the foundation for the synergistic effects observed in
HER performance.

3.1.2 N, adsorption-desorption characterization. Fig. 3a
displays the N, adsorption-desorption isotherms of the Pt/
TiO,@N-C series catalysts. All three samples exhibit type IV
isotherms with H3-type hysteresis loops, indicative of meso-
porous structures with irregular pore shapes. The dramatic
increase in specific surface area upon Ni doping—from 7.8 m>
g~ ! for Pt/TiO,@N-C to 108.9 m* g~ * for Pt/TiO,@1%Ni-N-C and
further to 135.2 m*> g~ ' for Pt/TiO,@3%Ni-N-C—indicates
substantial morphological evolution of the catalyst support.
This enhancement, coupled with the relatively modest decrease
in average pore size (from 8.8 nm to 4.3 nm), suggests that Ni
incorporation promotes the formation of additional mesopores
rather than simply enlarging existing pores. The pore size
distribution curves (Fig. 3b) confirm this interpretation,
showing that all Ni-doped samples exhibit pore sizes predomi-
nantly in the 10-15 nm range, regardless of Ni content.

As summarized in Table 1, high-temperature calcination
under NH; atmosphere significantly increases the specific
surface area of the catalysts but reduces the average pore size,
suggesting the creation of new pores during this process. With
increasing Ni content (from 1% to 3%), the average pore size
further decreases, which might negatively affect mass transfer
of reactants.

Such morphological changes have significant implications
for catalytic performance. The increased surface area provides
more sites for Pt nanoparticle dispersion, potentially leading to
smaller Pt particles and higher active site density. The meso-
porous structure (pores in the 10-15 nm range) is particularly
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Table1l BET specific surface area and average pore size parameters of
the catalysts

Specific surface Average pore

Catalyst type area (m* g™ ") size (nm)
Pt/TiO,@N-C 7.8 8.8
Pt/TiO,@1%Ni-N-C 108.9 4.3
Pt/TiO,@3%Ni-N-C 135.2 4.1

advantageous for HER, as it facilitates efficient mass transport
of reactants (water molecules and hydroxide ions) and products
(hydrogen gas) while maintaining good accessibility to the
active sites. The slight reduction in average pore size with
increasing Ni content (from 4.3 nm to 4.1 nm) may represent
a trade-off between surface area gain and mass transfer effi-
ciency, which could explain why the 3% Ni-doped catalyst,
despite having the highest surface area, does not exhibit the
best HER performance.

3.2 TEM analysis

Fig. 4 and 5 show that the catalysts treated with NH; (excluding
those with obvious encapsulation layers) exhibit enhanced
structural stability and significantly improved electron storage
capacity, which may be related to defect structures induced by
the NH; treatment. In Pt/TiO,@N-C, Pt nanoparticles are small,
with sizes ranging between 12-22 nm. In Pt/TiO,@1%Ni-N-C, Ni
is predominantly enriched at the ends of the catalyst structure,
which helps maintain the relatively stable size of Pt
nanoparticles.

The TEM images (Fig. 4) provide visual confirmation of the
morphological changes suggested by BET analysis. Pt/TiO,@N-
C (Fig. 4a and b) exhibits a relatively compact structure with
limited porosity, consistent with its low surface area. In
contrast, Pt/TiO,@1%Ni-N-C (Fig. 4c and d) shows a more open,
porous architecture with well-dispersed Pt nanoparticles,
corroborating the high surface area and mesoporous nature
revealed by BET. The Ni enrichment observed at the edges of the
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Fig. 3 Adsorption—desorption isotherms (a) and pore size distribution diagrams (b) of Pt/TiO,@N-C series catalysts.
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Fig. 4 TEM images of the Pt/TiO,@N-C series catalysts: (a and b) Pt/TiO,@N-C; (c and d) Pt/TiO,@1%Ni-N-C.

catalyst structure in Pt/TiO,@1%Ni-N-C may also contribute to
the formation of additional pore channels during synthesis.

3.3 Spectroscopic study

3.3.1 Raman spectroscopy. Fig. 6 shows the Raman spectra
of the catalysts. For carbon materials, the D band (1365-
1405 cm™ ") is associated with vibrations of graphite rings and
defects at grain boundaries, while the G band (1525-1570 cm ™)
originates from the sp® vibrations of carbon atoms (E,g mode).
The intensity ratio Ip/I; reflects the degree of disorder in the
carbon structure. Doping N atoms into the carbon layers
disrupts the ordered sp> bonding of carbon, creating structural
defects that can provide additional active sites for HER.
However, excessive defects may lead to the collapse of the
carbon matrix, reducing electrical conductivity.

After N doping, the D and G bands of the catalyst shift to
lower frequencies with increased full width at half maximum
(FWHM) and decreased total scattering intensity. This

[ PuTiO,@N-C

(a)

d=17.09+5.93nm

15 20 25 30 35
Particle size(nm)

o
(=]

phenomenon can be attributed to two aspects: (1) the intro-
duction of Ni atoms heterogenizes the carbon matrix, and the
foreign atoms act as elastic scattering centers, reducing
inelastic scattering signals; (2) the formation of chemical bonds
between Ni and C/N atoms increases bond lengths and average
atomic mass, collectively resulting in the redshift and broad-
ening of D and G bands.

The Ip/Ig ratios are 0.973 for Pt/C, 0.994 for Pt/TiO,@1%Ni-
N-C, 0.945 for Pt/TiO,@N-C, and 0.69 for Pt/TiO,@3%Ni-N-C.
These values reveal an important trend: moderate Ni doping
(1%) actually increases defect density compared to N-doping
alone, while excessive Ni doping (3%) significantly reduces
defects. This non-monotonic behavior suggests that Ni plays
a dual role—at low concentrations, it may create additional
edge defects or structural distortions; at high concentrations, Ni
aggregation or induced graphitization could heal defects or
cover them.

Crucially, the HER activity does not simply follow the defect
density trend. Pt/TiO,@1%Ni-N-C (highest I/Is) shows the best

(b)

B PuTiO,@1 i-N-C

d=21.03£9.20nm

0 10 20 30 40 50
Particle size(nm)

Fig. 5 Particle size distribution histograms of the Pt/TiO,@N-C series catalysts: (a) Pt/TiO,@N-C; (b) Pt/TiO,@1%Ni-N-C.
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Fig. 6 Raman spectra of Pt/TiO,@3%Ni-N-C, Pt/TiO,@1%Ni-N-C, Pt/
TiO,@N-C, and Pt/C catalysts.

performance, but Pt/TiO,@3%Ni-N-C (lowest Ip/lg) still
outperforms Pt/TiO,@N-C (intermediate Ip/Ig). This indicates
that while defects contribute to activity, they are not the domi-
nant factor. Instead, the superior performance of Pt/TiO,@1%
Ni-N-C arises from an optimal synergy between moderate defect
density (providing anchoring sites and electronic modulation)
and the presence of Ni' species that effectively cleave H-OH
bonds. The enhanced activity of Pt/TiO,@3%Ni-N-C compared
to Pt/TiO,@N-C, despite its lower defect density, further
confirms that Ni-mediated water dissociation plays a more
decisive role than carbon defects alone.

Therefore, the Raman data should be interpreted as evidence
of structural modification by N and Ni co-doping, but the
resulting HER performance depends on the balance between
defect engineering and the intrinsic catalytic function of Ni
species.

In summary, the Raman analysis serves two critical purposes
in this study: (1) it confirms the successful modification of the
carbon structure by N and Ni co-doping, and (2) it reveals that
defect density alone cannot explain the observed HER activity
trends, thereby highlighting the need to consider the comple-
mentary role of Ni-mediated water dissociation as the primary
enhancement mechanism.

3.3.2 XPS analysis. The chemical states of elements in the
catalysts were analyzed by XPS. The survey spectra (Fig. 7)
confirm the presence of the respective elements and their
valence state distributions.

High-resolution spectra were analyzed for Pt, N, C, and Ni
(Fig. 8 and 9). The Pt 4f spectrum (Fig. 8a) shows characteristic
peaks at 70.3 eV and 73.7 eV, corresponding to the 4f;,, and 4f;,
orbitals of metallic Pt (Pt°), respectively. The binding energy
ranges of 70.8-74.2 eV, 72.4-75.7 eV, and 74.0-77.2 eV are
assigned to Pt°, Pt**, and Pt*" species, respectively. Based on
peak area calculations, the proportions of Pt°* in Pt/Ti0,@3%
Ni-N-C, Pt/TiO,@1%Ni-N-C, and Pt/TiO,@N-C catalysts are
53.5%, 48.0%, and 45.6%, respectively. This indicates that after
NH; treatment, increasing the Ni doping content raises the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 XPS survey spectra of Pt/TiO,@3%Ni-N-C, Pt/TiO,@1%Ni-N-C,
Pt/TiO,@N-C, and Pt/C catalysts.

proportion of Pt cations on the catalyst surface. The co-doping
of N and Ni imparts a negative electron donor state to the
catalyst surface, and the fitted Pt 4f spectrum exhibits a higher
binding energy, confirming that N and Ni co-doping signifi-
cantly alters the electronic structure of Pt.

The N 1s spectra (Fig. 8b) were deconvoluted into four
components: pyridinic N (398.3 eV), pyrrolic N (399.8 eV),
graphitic N (401.0 eV), and oxidized N (402.3 eV). Pyridinic and
pyrrolic N atoms contribute one or two p electrons to the -
conjugated system. After Ni incorporation, the shape of the N 1s
spectrum below 400 eV changes, showing a new peak at 399.7 eV
attributed to the coordination between pyridinic N and Ni
atoms. This new component slightly reduces the pyridinic N
peak intensity, indicating the structural transformation of some
pyridinic N atoms incorporated into the carbon lattice. In
contrast, the electronic states and concentrations of graphitic N
and pyrrolic N remain largely unchanged, suggesting that these
species do not participate in Ni coordination and are less
affected by the pyridinic N-Ni interaction.

As the Ni content increases, N atoms gradually replace
graphitic C atoms at 401.7 eV, leading to a significant
enhancement in the characteristic peak intensity of graphitic N.
XPS analysis reveals that the binding energy of Ni 2p decreases
with increasing Ni content, while the binding energy of N 1s
shows a corresponding increase, confirming the strengthened
N-Ni interaction. In the C 1s spectrum (Fig. 9a), characteristic
peaks of four carbon species are observed at 284.0 eV (C=C),
284.9 eV (C-N), 286.5 eV (C-0), and 288.3 eV (C=0), confirming
successful N doping via NH; treatment. This N doping not only
enhances the surface adsorption capacity of the catalyst but also
promotes the effective anchoring and stabilization of Ni atoms.

With increasing Ni doping, the content of C-N bonds
decreases, indicating a reduction in the effective N doping level.
As shown in Fig. 9b, Ni species exist mainly in three valence
states: Ni® (852.2 eV), Ni* (853.8 eV), and Ni** (855.8 eV). Among
these, Ni* serves as a key active site, effectively modulating the
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electronic structure of surface Ni. Notably, the relative content
of Ni' in Pt/TiO,@1%Ni-N-C is higher than that in Pt/TiO,@3%
Ni-N-C, suggesting that a lower Ni doping amount is more
conducive to the formation of Ni" active sites.

3.4 Catalytic performance of hydrogen evolution reaction

The HER activities of the catalysts were evaluated using
multiple complementary electrochemical techniques. Linear
sweep voltammetry (LSV) was employed to determine the over-
potential required to achieve a current density of 10 mA cm ™ >—
the most commonly reported metric for HER activity, enabling
direct comparison with literature values. Tafel analysis was
conducted to probe reaction kinetics and elucidate the rate-
determining step. Electrochemical impedance spectroscopy
(EIS) was used to assess charge transfer resistance at the cata-
lyst-electrolyte interface. Together, these three measurements
provide a comprehensive and internally consistent assessment
of HER performance. While direct quantification of hydrogen
evolution rate would offer additional validation, the combina-
tion of overpotential, Tafel slope, and charge transfer resistance
is widely accepted in the electrocatalysis community as suffi-
cient for establishing relative activity trends and mechanistic
insights.

16364 | RSC Adv, 2026, 16, 16358-16369

The HER activities of the catalysts were evaluated using LSV
ata scan rate of 5 mV s~ ' in the potential range of —0.9to —1.7 V
(vs. Hg/HgO). The results are shown in Fig. 10a. Catalytic activity
was compared based on the overpotential required to achieve
a current density of 10 mA em ™. As seen in Fig. 10b, the over-
potentials for Pt/TiO,@1%Ni-N-C, Pt/TiO,@N-C, and Pt/
TiO,@3%Ni-N-C are 84 mV, 117 mV, and 226 mV, respectively,
all of which are lower than the 270 mV overpotential of the Pt/C
catalyst prepared by the same method. Clearly, Pt/TiO,@1%Ni-
N-C exhibits the best HER performance.

The superior HER performance of Pt/TiO,@1%Ni-N-C can be
partly attributed to its optimized morphological features. The
high specific surface area (108.9 m> g~ ') enables excellent
dispersion of Pt nanoparticles, as confirmed by TEM analysis
(Fig. 4), maximizing the number of accessible active sites. The
mesoporous structure with pore sizes centered at 10-15 nm
facilitates rapid diffusion of reactants to and products from the
active sites, This
morphological advantage is reflected in the low charge transfer

reducing concentration overpotentials.

resistance observed in EIS measurements (Fig. 10d). Notably,
while Pt/TiO,@3%Ni-N-C possesses an even higher surface area
(135.2 m*> g7"), its slightly smaller average pore size (4.1 nm)
and reduced defect density (as discussed in Section 3.3.1) may

© 2026 The Author(s). Published by the Royal Society of Chemistry
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hinder mass transport and active site accessibility, partially
offsetting the benefit of increased surface area. These observa-
tions underscore that optimal HER performance requires not
only high surface area but also an appropriate pore architecture
and balanced electronic properties.

The LSV curves were further analyzed using the Tafel equa-
tion. The fitted Tafel slopes are presented in Fig. 10c. The Tafel
slopes for Pt/TiO,@1%Ni-N-C, Pt/TiO,@3%Ni-N-C, and Pt/
TiO,@N-C are 115 mV dec™*, 133 mV dec™ !, and 187 mV dec ™,
respectively. Pt/TiO,@1%Ni-N-C possesses the smallest Tafel
slope, indicating faster electron transfer kinetics and more
favorable reaction kinetics.

Electrochemical impedance spectroscopy (EIS) was
employed to compare the electrical conductivity of the catalysts.
Impedance fitting was performed using the equivalent circuit
shown in the inset of Fig. 10d. The Nyquist plots demonstrate
that Pt/TiO,@1%Ni-N-C has the lowest charge transfer resis-
tance among the series, consistent with its highest HER rate.

3.5 Discussion on the catalytic mechanism

Dispersing Ni species on the TiO,-modified N-doped carbon
support enhances the catalyst's ability to adsorb and dissociate

© 2026 The Author(s). Published by the Royal Society of Chemistry

water molecules. Based on XRD analysis, we propose that
during catalyst preparation, the addition of Ni induces struc-
tural changes in the polymeric carbon nitride within the
support. As the Ni content increases, the polymeric carbon
nitride converts into N-doped carbon, while highly dispersed Ni
aggregates to form nanoparticles. Part of the Ni species is
reduced by the carbon support during calcination. Ni incorpo-
ration induces charge redistribution within the support, and
the unique heterointerfaces, combined with synergistic effects
from functionalization, collectively enhance the catalyst's HER
performance in alkaline media (Fig. 11).

Characterization results confirm the dominant role of Ni
atoms in cleaving H-OH bonds. The HER activity of the catalyst
can be tuned by rationally adjusting the Ni content. The Raman
Ip/I; ratios demonstrate that Ni doping has a non-linear effect
on carbon defects: 1% Ni increases defect density, while 3% Ni
reduces it below the level of the N-doped sample. This suggests
that Ni at low loading may create additional structural distor-
tions, while at high loading it promotes graphitization or
surface coverage.

However, the HER performance does not scale linearly with
defect density. Pt/TiO,@3%Ni-N-C, despite having the fewest
defects, still outperforms Pt/TiO,@N-C. This clearly indicates
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that Ni's primary contribution is not through defect generation,
but through its intrinsic ability to dissociate water molecules—
a function that becomes increasingly effective with higher Ni
loading up to an optimal point. The best performance of Pt/
TiO,@1%Ni-N-C represents the sweet spot where both contri-
butions are maximized: sufficient defects to support Pt disper-
sion and electronic modulation, and an optimal amount of Ni"
species (as confirmed by XPS) to facilitate the rate-determining
Volmer step.

Pt anchored on Ni-N-C

Fig. 11 Schematic illustration of Ni species cleaving the H-OH bond in water molecules within the catalyst.

16366 | RSC Adv, 2026, 16, 16358-16369

XPS analysis further supports this interpretation. The N and
Ni co-doping imparts a negative electron donor state to the
catalyst surface and increases the content of Pt cations.
Oxidized Pt species can provide more catalytic active centers.
Moreover, the doped N atoms primarily exist as pyridinic N,
which not only donates electrons but also anchors Ni atoms,
stabilizing the Ni" species that are identified as key active sites
for water dissociation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The morphological evolution induced by Ni doping—
particularly the creation of high-surface-area mesoporous
structures—plays a crucial supporting role in the enhanced
HER activity. This improved architecture not only accommo-
dates better Pt dispersion but also ensures that the Ni' active
sites identified by XPS are readily accessible to reactants. The
optimal performance of Pt/TiO,@1%Ni-N-C thus arises from
a combination of favorable morphological features (high
surface area with suitable mesopores), optimal Ni' content for
water dissociation, and sufficient defect density for electronic
modulation—a synergy that is disrupted when Ni loading is
excessive.

4. Conclusions

In this study, a series of catalysts were successfully prepared by
loading Pt species on n% Ni-N-C composites (n = 0, 1, 2). The
composites, n% Ni-N-C, was synthesized by doping N into
TiO,-modified carbon supports via high-temperature NH;
treatment Electrochemical tests demonstrated that Pt/
TiO,@1%Ni-N-C exhibited the optimal HER performance, with
an overpotential of 84 mV and a Tafel slope of 115 mV dec ™. All
synthesized catalysts showed lower overpotentials than the Pt/C
reference (270 mV), confirming that an appropriate amount of
Ni doping significantly enhances its catalytic activity.

Through comprehensive characterization of the above-
mentioned catalysts, the basic properties of these catalysts
were elucidated. The uniform distributed Pt species, anatase
TiO, phase, Ni species was present in XRD. With the increasing
amount of Ni doping, the increased specific surface area while
the reduced the pore size were shown.

Raman analysis indicated that N doping induces a redshift
and correspondingly broadens the characteristic bands, along
with a decrease in overall scattering intensity. The Raman
spectral intensity decreases with increasing Ni content, while
the degree of carbon disorder decreases only modestly. XPS
analysis reveals that after NH; treatment, the content of cationic
Pt on the catalyst surface increases with higher Ni doping levels.

In our view, N doping primarily enhances the stability of Ni
species. And the strengthened interaction between pyridinic N
and Ni facilitates the generation of Ni" species which serve as
active sites for the hydrogen evolution reaction.

Looking forward, we recognize that direct quantification of
hydrogen evolution rates would further strengthen the evalua-
tion of catalyst performance. Future work in our laboratory will
aim to establish the necessary experimental setup for gas
collection and analysis, enabling more comprehensive kinetic
studies and facilitating comparison with a broader range of
catalytic systems.
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