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Abstract:

Single-atom catalysts (SACs) offer a promising strategy to enhance light utilization and charge
carrier dynamics in photocatalytic hydrogen evolution. However, the uniform dispersion and
stabilization of single-atom active sites remain a significant challenge. Herein, we report the
fabrication of atomically dispersed Cu and Ni dual-metal sites anchored on graphitic carbon
nitride (CuNi-g-C3N4), achieving an outstanding hydrogen evolution rate of 1275 pmolg?*h?
under visible light irradiation. The synergistic interaction between Cu and Ni bimetallic dual
atom catalysts (DACs) modulates the electronic structure of g-CsN4, creating active sites and
suppressing charge recombination, as confirmed by density functional theory (DFT) calculation.
X-ray absorption spectroscopy (XAS) analysis verifies the atomic dispersion of Cu and Ni sites,
revealing their interactions with the carbon nitride framework. Photoluminescence (PL)
spectroscopy and electrochemical impedance spectroscopy (EIS) further demonstrate enhanced
charge separation and reduced recombination in CuNi-g-CsN4. The catalyst exhibits excellent

stability and maintains its photocatalytic activity over multiple reaction cycles, underscoring the
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potential of DACs for sustainable hydrogen production. This study provides new insights into
the rational design of dual single-atom catalysts for efficient conversion of solar energy to
hydrogen.
Keywords: g-CsNs, dual-single atoms, photocatalysis, water splitting, XAS, DFT.
1. Introduction
Photocatalytic water splitting offers a sustainable and promising pathway for solar-driven
hydrogen production, addressing both the global energy crisis and environmental challenges.
The ongoing dependence on fossil fuels like coal and oil not only heightens the risk of energy
shortages but also accelerates environmental degradation.! 2 By harnessing solar energy,
photocatalytic water splitting provides a long-term strategy to mitigate climate change while
enabling the production of clean and renewable hydrogen fuel. This technology holds great
potential to revolutionize energy systems, paving the way for a greener and more sustainable
future.®®
Despite significant advances in the design and modification of photocatalysts, the efficiency of
photocatalytic water splitting remains limited by poorly defined charge transfer pathways and a
scarcity of active sites. These issues continue to pose major bottlenecks to achieving the
performance required for practical applications.® Downsizing metal particles to the atomic scale
greatly improves metal utilization, with SACs showing remarkable activity in a wide range of
reactions. Building on this, DACs often deliver even better performance, thanks to the
synergistic interactions between neighbouring metal atoms.” Noble-metal-free DACs, valued for
their abundance, cost-effectiveness and scalability present a promising route for sustainable
applications. Recently, DACs have garnered significant interest for their unique photocatalytic
properties and superior atom utilization, paving the way for highly efficient catalytic systems.® °
Compared to SACs, DACs feature higher metal loading and more structurally flexible active
sites, enhancing their potential for superior catalytic performance.*®

Over the past decade, DACs have undergone rapid development, demonstrating enhanced
catalytic performance in various key reactions, including CO oxidation,!! hydrogen evolution
reaction,'? H,O2 production,’® degradation of organic pollutants* and chemical synthesis.’® In
contrast to nanoscale cluster catalysts, where some atoms remain inaccessible, every atom in
SACs actively participates in the reaction, ensuring maximum atomic efficiency.*® To stabilize
exposed single atoms and prevent aggregation caused by high surface free energy, SACs are
strategically anchored onto support materials.t” Moreover, the strong metal-support interaction
enables precise modulation of the coordination environment.!® Many studies have been

conducted on the understanding of the evolution of the SACs on the catalytic activity and



selectivity.!® 2% Single-atom catalysis a frontier in heterogeneous catalysis offers great promise
for both practical applications and advancing fundamental understanding of catalytic processes
owing to its highly defined structures, optimized atom utilization and distinctive energetics.?
According to previous studies, g-C3Ns satisfies the necessary criteria due to its stability,
nitrogen-rich composition, and cost-effective synthesis.?? The nitrogen sites of g-C3N4 can stably
anchor metal ions through six extended electron pairs. Additionally, g-CsN4 allows for precise
control over its morphology and can be easily exfoliated from the bulk structure to form
nanosheets with an increased surface area.?
In this study, we developed highly efficient DACs by anchoring Cu and Ni atoms onto g-CzNa
through a simple pyrolysis method. The significant enhancement in photocatalytic hydrogen
evolution is attributed to the synergistic effect of the Cu-Ni dual sites, which improve charge
separation, facilitate electron transfer, and suppress electron-hole recombination. Their strong
interaction with the g-CsNa4 support induces favorable electronic and geometric modifications,
introduces additional active sites, and optimizes the adsorption and activation of water
molecules, offering a promising strategy for fine-tuning the coordination environment in DAC
systems to boost catalytic performance. Experimental results demonstrate that the bimetallic
modification effectively enhances the HER, yielding a remarkable H, production rate of 1275
umolg th™ with an apparent quantum efficiency (AQE of 0.83% at 420 nm. Further
characterization and theoretical calculations confirm that the incorporation of Cu and Ni dual
atomic sites facilitates the transfer of photogenerated electrons, improves charge carrier
separation and ultimately enhances H2 generation from water splitting.
2. Experimental Section
2.1. Chemical Reagents

Melamine (MA, 98%), Cyanuric acid (CA, 98%), Citric acid (CTA, 99.5%), Cu
(NO3)2.3H20 (99%), Ni (NO3)2.6H20 (99.99%), Na-S (98%), Na2SOz (98%), Na2SOa4 (>99.0%),
Nafion solution and ethanol were purchased from Sigma-Aldrich and used as received without
any additional purification.

2.2. Preparation of Photocatalysts:

The atomically dispersed CuNi-g-C3N4 catalyst was synthesized via thermal pyrolysis
polymerization method. MA (10 mmol) and CA (9.5 mmol) were dissolved separately in 30 mL
deionized water and they were stirred at 80 °C until transparent solutions obtained and labelled
as A and B respectively. The mixture of CTA (2.5 mmol), Cu (NO3)2.3H20 (0.75 mmol), and Ni
(NO3)2:6H20 (0.5 mmol) were dissolved in 10 ml water to form solution C, which was mixed

with solution B and further stirred for 10 min. Then this mixture was added into A and stirred for



4 hours at room temperature to form supramolecular precursors. Subsequently, the as-prepared
product was purified with water and ethanol and dried under vacuum at 60 °C. Finally, the dried
sample was ground into powder and calcined at 600 °C under N2 gas flow in a tube furnace at a
heating rate of 5 °C/min yielding CuNi-CN with a 3:2 Cu/Ni molar ratio and named as CuszNi»-
CN. Preparation of Cu-CN and Ni-CN followed the same procedure, with appropriate metal
precursors. CN was prepared similarly without any metal precursors. In the following discussion
CusNi2-CN is referred as CuNi-CN.

2.3. Photocatalytic Experiment

The photocatalysis experiment took place in a nitrogen atmosphere inside a quartz long-necked
round-bottom flask, securely sealed with a rubber septum. To prepare the reaction mixture, 20
mg of the catalyst was dispersed in 50 mL of an aqueous solution containing 0.25 M Na>S and
0.35 M NazSO0s using ultrasonication. To ensure an inert environment, the system was first
evacuated for 15 minutes and then purged with nitrogen for 30 minutes. The reaction was then
illuminated using a 420 W Xe lamp equipped with a 420 nm cutoff filter (A > 420 nm) to ensure
visible-light irradiation. For AQE measurements, monochromatic light at 420 nm was used, with
continuous stirring to keep the catalyst evenly dispersed. The gases produced during the reaction
were carefully sampled using a 100 pL airtight syringe and analyzed with a Perkin Elmer gas
chromatograph (Clarus 590) with a thermal conductivity detector (TCD).

3. Result and discussion:

Atomically dispersed bimetallic Cu—Ni dual sites on graphitic carbon nitride were synthesized
via a thermal pyrolysis polymerization method carried out under a nitrogen atmosphere. This
inert environment was used to prevent the oxidation of both the carbon nitride framework and
the incorporated metal species. The synthesis employed supramolecular precursors, as illustrated
in Figure la. The X-ray diffraction (XRD) patterns (Figure 1b and Figure S1) display
characteristic peaks at 13.3°and 27.5°, associated with the (100) and (002) planes of CN,
respectively. The observed diffraction spectrum closely matches the standard JCPDS card no.
87-1526.2* For Ni-CN, Cu-CN, and CuNi-CN, only the peak at 27.5° was observed, which
indicates that the incorporation of Ni and Cu alters the stacking configuration of the tri-s-triazine
units within the CN structure.?® Importantly, no diffraction peaks specific to Cu or Ni metals
were observed, implying their even distribution across the CN matrix. Inductively coupled
plasma optical emission spectroscopy (ICP-OES) was used to determine the weight percentages
of Cu and Ni in CuNi-CN, which are 0.49 wt% and 0.32 wt%, respectively in CuNi-CN samples
as indicated in Table S1 and the percentage of C, H, N determined by CHNS analysis as given in
Table S2. The FT-IR spectra of CuNi-CN (Figure 1c) reveal characteristic structural features of



CN. The C-N and C=N stretching vibrations appear in the range of 1200-1700 cm™,
corresponding to the aromatic C—N and C=N bonds within the heptazine or tri-s-triazine units
the fundamental building blocks of CN. A distinct peak near 800 cm™ is attributed to the
breathing mode of the triazine rings, confirming the preservation of the heptazine structure.
These findings suggest that CuNi-CN retains the graphitic phase structure of CN. Additionally, a
broad band observed between 3300-3500 cm™ is associated with N-H or O—H stretching
vibrations, likely originating from surface functional groups of CN or adsorbed moisture.?5 %’
From the magnified spectra as presented in Figure S2, the C-N stretching in Cu-CN, Ni-CN and
CuNi-CN is blue-shifted compared to the CN. This indicates there is Cu and Ni interaction

impacting the N environment.

a A I U I

CTA Copper Nickel
Nitrate Nitrate
)
> v 4
' W b
Self assembly 600 oc’ 4h y . ;3;»"
Stirring, 4h N, -
4 0_}'»"
MA "CuNi-CN
b C
CuNi-CN
(001) (002) <= 77 ~
3 . ——CuNiCN | £
s \MA g ——Ni-CN
%’ . . T Cu-CN
= M —— Cu-CN P
£ . E
N, M —CN —cN
JCPDS No. 87-1526 W
5 10 15 20 25 30 35 40 45 50 55 60 1000 1500 2000 2500 3000 3500 4000

20 (degree) -1
Wavenumber (cm™")

Figure 1. (a) The schematic illustration of synthesizing the CuNi-CN (b) XRD patterns and (c)
FTIR spectra of CN, Cu-CN, Ni-CN and CuNi-CN respectively.

The morphology of CuNi-CN was further investigated using transmission electron microscopy
(TEM) and high-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM). As shown in Figure 23, the representative TEM image of CuNi-CN displays intertwined

tubular structures, preserving the same morphological characteristics as pristine CN (Figure S3).



Notably, no Cu or Ni based nanoparticles or nanoclusters are observed on the surface of CuNi-
CN. The selected area electron diffraction (SAED) pattern (inset in Figure 2a) confirms the
absence of any prominent crystalline phase in CuNi-CN. Furthermore, the HAADF-STEM
image in Figure 2b-c reveals numerous bright dots, highlighted by red in Figure 2c circles,
indicating the presence of individually isolated and uniformly dispersed Cu and Ni single atoms
within the CN matrix of CuNi-CN. The HAADF-STEM images of Cu-CN and Ni-CN are
provided in Figure S4. Furthermore, energy-dispersive X-ray (EDX) elemental mapping
confirmed the uniform dispersion of Cu and Ni elements within the CN matrix. The successful
loading of Cu and Ni dual sites in CuNi-CN was corroborated through HAADF-STEM-EDX

mapping, as shown in Figure 2d-h.

200m_ AADE-STEM

Figure 2. (a) TEM images of CuNi-CN (b, c) HAADF-STEM images of CuNi-CN (d) HAADF-
STEM-EDX elemental mapping of CuNi-CN and the corresponding elemental mappings of (e)
C, (f) N (g) Cu (h) Ni
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Figure.3 (a) Cu K-edge XANES spectra of the Cu foil, Cu20, CuPc, Cu (NOsz)2, Cu-CN and
CuNi-CN (b) k?>-weighted Fourier-transform Cu K-edge EXAFS spectra of the samples (c) Cu K-
edge EXAFS fitting curves of the CuNi-CN catalyst in the R space. Wavelet-transformed k?-
weighted EXAFS spectra of d) the Cu foil, ) Cu-CN and f) CuNi-CN. (g) Ni K-edge XANES
spectra of the Ni foil, NiO, Ni (NOs)2, Cu-CN and CuNi-CN. (h) k*-weighted Fourier-transform
Ni K-edge EXAFS spectra of the samples (i) Ni K-edge EXAFS fitting curves of the CuNi-CN
catalyst in the R space. Wavelet-transformed k2-weighted EXAFS spectra of (j) the Ni foil, (k)

Ni-CN and (I) CuNi-CN.



The structural and electronic properties of Cu and Ni sites are characterized using X-ray
absorption near-edge spectroscopy (XANES) and Fourier transform extended X-ray absorption
Fine Structure (FT-EXAFS) which has been reported to be vital tool for SACs.?® Figure 3a
illustrates the Cu K-edge XANES spectra of Cu-CN and CuNi-CN. The edge positions of both
samples closely resemble those of Cu foil, CuPc (Copper Phthalocyanine) and Cu2O. The white
line intensity at the Cu K-edge shows that it resembles closely to CuPc which infers that Cu is
positively charged in these catalysts. This observation is consistent with the XPS analysis as
shown in Figure 4d. The k?-weighted FT-EXAFS of Cu-CN, CuNi-CN are shown in Figure 3b
compared with Cu foil, Cu.0, CuPc and Cu (NOs), only shows the main peak at 1.45 A, which
can be attributed to the Cu-N coordination. No Cu-Cu coordination peak (2.18 A) is observed,
indicating that there are no Cu nanoparticles in the Cu-CN sample. However, a small peak is
observed for CuNi-CN which is due to Cu-Ni or Cu-Cu interaction. To further confirm the
presence of Cu—N and Cu—Cu/Ni bonds, Morlet wavelet transformations (WT) were performed
at the Cu K-edge.?® As shown in Figure 3c and Figure S5, the WT of Cu foil exhibits a single
lobe at 2.1 A, while the Cu—N bond in Cu—CN is presented in Figure 3e. Figure 3f illustrates that
the Cu—N bond is preserved and the Cu—Cu/Ni bond is formed as per the lobe at approximately
2.5 A. EXAFS fitting was conducted to determine the structural parameters and quantitative
chemical configurations of the Cu atoms, with the fitted curves presented in Figure S7 and
Figure 3c for Cu-CN and CuNi-CN respectively. The coordination number of the central Cu
atom was approximately 3, and the average bond lengths of Cu-N/C are listed in Table S3.

To further confirm the valence states and coordination structure of the Ni single atom in
Ni-CN and CuNi-CN, XANES and EXAFS spectroscopy at the Ni K-edge were conducted. The
Ni K-edge XANES spectrum of Ni-CN and CuNi-CN catalysts were compared with that of
standard samples of NiO and Ni (NOz)2 (Figure 3g). The white line intensity at the Ni K-edge
shows features which is in between Ni (0) and Ni (2+). Therefore, the Ni can be assumed to be
slightly higher than +1 oxidation state. In the FT-EXAFS spectrum (Figure 3h), NiO and Ni
(NOs), exhibit a primary peak at 1.56 A, corresponding to the scattering of Ni-N coordination.
Notably, no Ni-Ni coordination peak at 2.12 A was detected, confirming the absence of Ni
nanoparticles in the Ni-CN sample. However, a small peak is observed for CuNi-CN which is
due to Cu-Ni/Cu interaction. To further confirm the presence of Ni—N and Ni—Cu/Ni bonds, WT
were performed at the Ni K-edge. As shown in Figure 3j, the WT spectrum of Ni foil exhibits a
single lobe at 2.1 A while the Ni-N bond in Ni—CN is presented in Figure 3k and Figure S6.
Figure 3l illustrates that the Ni—N bond is preserved and the Ni—Cu/Ni bond is formed as per the

lobe at approximately 2.2 A. EXAFS fitting was employed to elucidate the structural parameters



and quantitative chemical configurations of the Ni atoms, with the corresponding fitted curves
depicted in Figure S8 and Figure 3i for Ni-CN and CuNi-CN, respectively. The central Ni atom
has a coordination number of 4 was found to be the best to fit the EXAFS curve with an average
Ni—N2C, bond length of 2.07 A in Ni-CN. The local atomic structure model of the Ni single
atom in CuNi-CN is detailed in Table S4.

Additionally, X-ray photoelectron spectroscopy (XPS) confirmed the presence of C, N and Cu,
aligning with EDS analysis (Figure 4a). The high-resolution C 1s spectrum of CuNi-CN (Figure
4b) shows two distinct peaks at 284.9 eV and 288.2 eV, attributed to graphitic carbon (C-C
bonds) and sp?-hybridized carbon (N-C=N) respectively.®*® The N 1s spectrum of CuNi-CN
(Figure 4c) exhibits peaks centered at 398.4 eV, 400.6 eV, and 403.6 eV, corresponding to C—
N=C bonds, tertiary nitrogen in N-(C)s groups and C—N-H functional groups, respectively.
Notably, the high concentration of pyridinic nitrogen provides favorable coordination sites for
Cu-N and Ni-N interactions.3! The high-resolution Cu 2p XPS spectrum shows two primary
peaks at 932.0 eV and 951.8 eV, corresponding to Cu 2ps;2 and Cu 2p12, respectively. The lack
of shake-up satellite features indicates that the Cu species are present in either the Cu® or Cu*!
oxidation state (Figure 4d).*? It is important to note that due to low loading of Ni atom in CuNi-
CN photocatalyst Ni peak in XPS was not detected.'? 33

The UV-visible absorbance spectra of all samples were measured across the wavelength range of
350 to 800 nm, as shown in Figure 4e. The absorption edge of CN appeared in the visible region,
enabling its excitation under visible-light irradiation. The UV-vis diffuse reflectance spectra
reveal that CuNi-CN significantly enhanced absorption intensities in the wavelength range of
350-700 nm compared to Cu-CN, Ni-CN and CN. Notably, the absorption edges of CN are
observed at around 430 nm. The incorporation of Ni, Cu, and bimetallic Ni—Cu single sites into
g-C3Ns (forming Ni-CN, Cu-CN, and CuNi-CN) results in a slight red-shift of the optical
absorption edge, thereby enhancing visible light-harvesting capabilities. This improvement in
optical properties is attributed to the synergistic electronic interactions between the metal atoms
and the g-C3Ns matrix. This aligns with the maximum observed H> evolution activity of CuNi-
CN. The bandgap energies (Eg) of CN, Cu-CN, Ni-CN, and CuNi-CN were calculated using the
Kubelka-Munk function from their optical absorption spectra (Figure 4f), yielding values of 2.70
eV, 2.60 eV, 2.63 eV, and 2.52 eV respectively. The reduced band gap of CuNi-CN enhances
light absorption efficiency, significantly boosting its light utilization capacity. PL analysis was
conducted to assess the charge recombination dynamics of the catalysts. As shown in Figure 4g,
the PL spectrum of pristine CN displays a prominent emission peak at 463 nm corresponding to

the inter-band recombination of photogenerated electron-hole pairs. Upon the incorporation of



CuNi DACs, the PL intensity significantly decreases, indicating a reduction in electron-hole
recombination. Among all the samples, CuNi-CN exhibits the weakest PL emission, suggesting
superior charge separation efficiency. This observation is consistent with the enhanced
photocatalytic performance of CuNi-CN. To explore the impact of single atoms on bimetallic
synergistic interactions, time-resolved photoluminescence (TRPL) spectroscopy was conducted
on the photocatalysts. The average PL lifetime of CuNi-CN was measured at 0.63 ns, longest
among the samples CN (0.38 ns), Cu-CN (0.61 ns) and Ni-CN (0.50 ns). The relative
contribution and characteristic decay times of each component along with photoluminescence
lifetime are tabulated in Table S5. This brief lifetime is indicative of rapid photoinduced charge
separation within CuNi-CN and thus resulted in significantly improved charge carrier separation
and transport kinetics within the CuNi-CN photocatalyst, leading to enhanced photocatalytic

activity Figure 4h.
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Figure 4. (a) XPS full survey spectra (b) High-resolution XPS spectra of C 1s (c) N 1s (d) Cu 2p of
CuNi-CN (e) UV-visible absorbance spectra, (f) Tauc plots, (g) PL spectra and (h) time-
resolved PL spectra of CN, Cu-CN, Ni-CN, and CuNi-CN.

3.1. Experimental Measurements of Photocatalytic H2 Production

In the study on photocatalytic hydrogen evolution reaction (HER) under visible light in agueous
solution, a series of photocatalysts- CuzNi2-CN, CuzNii-CN, CuiNi2-CN, CuzNii-CN, Cu-CN,
Ni-CN, and pristine CN were evaluated. Pristine CN exhibited low hydrogen evolution activity
(275 pmolg~th?), primarily due to the rapid recombination of photogenerated electron-hole
pairs. The introduction of SACs significantly improved the photocatalytic performance. Among
the monometallic systems, Cu-CN demonstrated better activity than Ni-CN, indicating more
effective separation of photoinduced charge carriers, with Cu acting as an efficient electron
reservoir. While Cu facilitates charge separation by capturing electrons, Ni contributes by tuning
the electronic structure and offering additional active sites for proton adsorption and reduction.
Fine-tuning the Cu-to-Ni molar ratio in the bimetallic CuNi-CN catalysts further boosted
activity, with CusNi>-CN achieving the highest hydrogen evolution rate of 1275 umolgth™.
This performance improvement is attributed to the synergistic effect between Cu and Ni dual
sites, which enhances the transfer of photoinduced electrons to CusNi>-CN. The hydrogen
production rate of the photocatalysts is shown in Figure 5a and Figure 5b displays the average
hydrogen production over 4 hours. CusNi.-CN achieved a maximum yield of 5100 umolg ™ in 4
hours, which is over 4.63 times greater than bare CN. The HER performance of the
photocatalysts is summarized in the following order: CusNi>-CN > CuzNi-CN > CuiNi>-CN >
CuiNii-CN > Cu-CN > Ni-CN > CN. A controlled reaction was performed to confirm the
hydrogen evolution in the absence of light and catalyst under the same reaction condition. These
reactions advocated that HER is possible only when light and catalyst are incorporated into the
reaction procedure. Additionally, hydrogen evolution experiments conducted under identical
conditions over four consecutive cycles demonstrated consistent Hz production rates without
noticeable activity degradation, confirming the exceptional stability of CusNi>-CN (Figure 5c). It
is well known that a catalyst's reliability and stability are important factors in its application. The
CusNi2-CN photocatalyst exhibited remarkable stability and durability during photocatalytic
hydrogen evolution. Post-reaction XRD and TEM analyses revealed no significant changes in
the catalyst's composition, indicating its structural integrity (Figure S9 and Figure S10). The
AQY of the as-prepared photocatalysts was calculated based on their photocatalytic H>
production performance. Figure S11 presents the AQE values for all catalysts, following the
trend: CusNi2-CN > Cu2Ni;-CN > CuiNi2-CN > CuiNii-CN > Cu-CN > Ni-CN > CN. These



computed AQY values are in excellent agreement with the observed H. production results,
further confirming the enhanced activity of CuNi bimetallic dual site on CN.

3.2. Photoelectrochemical analyses.

The incorporation of Cu and Ni SACs markedly enhances the photocurrent intensity, indicating
the superior ability of CuNi DACs to facilitate charge separation. As shown in Figure 5d, the
modification of CN with CuNi DACs further amplifies the photocurrent response. This result
underscores the crucial role of CuNi dual sites as active centers, boosting reactant adsorption and
serving as efficient electron mediators to promote charge separation compared to Cu-CN, Ni-CN
and CN. Additionally, EIS provides valuable insights into the kinetics of charge transfer
processes in CuNi-CN, Cu-CN, Ni-CN and CN. Notably, smaller semicircle in the Nyquist plots
indicates a faster electron transfer rate within the catalyst.>* As shown in figure 5e the Nyquist
plot radii demonstrate that the presence of CuNi sites enhances electrical conductivity and
reduces charge transfer resistance. The distinctive coordination environment of CuNi dual sites
facilitates efficient electron transfer from CN to the atomic centres, enabling ultrafast electron
hopping. This phenomenon is corroborated with the PL observations. A linear sweep
voltammetry (LSV) experiment revealed that the current density of CuNi-CN is significantly
higher than that of CN photocatalysts (Figure 5f). This enhancement in current density is
attributed to the effective charge separation achieved through the optimal integration of CuNi
dual sites into CN. These results demonstrate that incorporation of CuNi in CN significantly
boosts its photocatalytic performance.
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Figure.5 (a) Rate of photocatalytic Ho> production of different catalysts in aqueous solution of
Na>S and Na2SOz in 4h (b) Photocatalytic H2 production yield (c) recyclability test of the CuNi-
CN photocatalyst up to four recurring cycles (d) The photoelectrochemical responses CN, Ni-
CN, Cu-CN and CuNi-CN under visible light illumination (e) Electrochemical impedance
spectroscopy (EIS) for CN, Ni-CN, Cu-CN and CuNi-CN (f) Linear sweep voltammetry LSV of
CuNi-CN, Cu-CN, Ni-CN and CN sample (g) Position of VB and CB of CN, Ni-CN, Cu-CN
and CuNi-CN (h) Comparison of photocatalytic HER with other work and this work.
Furthermore, the Mott-Schottky analysis is employed to determine the flat-band potentials (Efm)
of the synthesized samples. The flat-band potential is calculated using the following equation.®
1 2 k, T

Where, E = applied potential, C = space charge capacitance, € = dielectric constant, €o =



dielectric constant in vacuum, Ng = donor densities, k, = Boltzmann constant, T = absolute
temperature, and q = electronic charge. The Eq of the examined composites is shown by the
crossings of the tangent in the Mott-Schottky plots (Figure S13). The Em of CN, Ni-CN, Cu-CN,
and CuNi-CN are determined to be -0.77 V, -0.80 V, -0.85 V and -1.02 V versus Ag/AgCl at pH
7, corresponding to -0.57 V, -0.60 V, -0.65 V and -0.82 V versus the normal hydrogen electrode
(NHE) at the same pH. In the case of n-type semiconductors, the conduction band edge (Ecg) is
generally positioned approximately 0.1 V more negative than the flat band potential.l?
Therefore, the conduction band potentials of CN, Ni-CN, Cu-CN and CuNi-CN are calculated to
be -0.67 V, -0.70 V, -0.75 V and -0.92 V versus NHE at pH 7 respectively and their respective
Evs and Ecg is given in Figure 5g.

4. The Photocatalytic Mechanism for HER

Based on the findings from both photocatalytic and electrocatalytic studies, we propose an
electron transfer pathway and provide mechanistic insights into the water-splitting reaction, as
depicted in Figure 6. Upon exposure to light, the CuNi-CN photocatalyst generates e -h* pairs.
The photogenerated holes are promptly captured by the sulfide shuttle (S/SOs%), while the
electrons are directed to the conduction band of the semiconductor. Mott-Schottky analysis at the
semiconductor interface demonstrates effective electron migration from the conduction band of
CN to the atomic Cu and Ni enhancing proton reduction. At the same time, valence band holes
are captured by the S/SOs? shuttle, effectively minimizing the recombination of electron-hole
pairs. The addition of Cu and Ni to CN improves light absorption, increases active sites for
proton reduction, and enhances photocatalytic performance in water splitting. Sacrificial donors,
such as sulfides and sulfites, well-established hole scavenger pair known for its high efficiency
and minimal backward reaction in photocatalytic hydrogen evolution studies. The S%/SOs*
redox shuttle is particularly effective due to the fast kinetics of hole quenching and the formation
of stable oxidation products like thiosulfate (S20s%) and sulfate (SO4%), which are less prone to

reduction under our experimental conditions.>*°
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Figure 6. Plausible mechanism of photocatalytic hydrogen evolution through CuNi-CN.
Sacrificial sulphate ions contribute to the oxidation process on the VB of CuNi-CN, alongside
H™ ions, leading to the formation of pyrosulphates in the presence of H-O, as described in Eq.
(1). According to Egs. (2)-(4), additional intermediates, such as dithionate and peroxydisulfide
ions, are generated through the direct interaction of holes in the oxidation of sulphate ions to
sulphide ions. Meanwhile, the H* ions produced or adsorbed at catalytic sites undergo reduction
via CB electrons, resulting in H> formation Eq. (6). The proposed mechanism for photolytic
hydrogen generation using the Na>S and Na>SOs shuttle is outlined below.

Reaction mechanism:

CuNi—CN+hv=e+h' (1)

Oxidation reaction at the VB,

SO4%” + H20 + 2h" — SOs5~ + 2H* 2)
25042 + 2h* — S,08> (3)
25> + 2h* — > (4)
S +S047 — S,042 + 5% (5)

Reduction reaction at the CB,



2H* + 26" — Hy (6)

5. Theoretical study

In recent days, g-CsNa is well known for producing hydrogen.®® In this analysis, we have
possible boosting of HER activity by introducing Cu and Ni atoms as the active sites for HER.3"
% We have compared the change in free energy during hydrogen adsorption on the model
structures are to comment on the possible boosting of HER activity. To understand how the dual
atoms are boosting the HER than its single atom counterparts, we have compared three model
structures (i) M1 (Cu@g-CsNsa), (ii) M2 (Ni@g-C3Ns.) (iii) M3 (Cu-Ni@g-CsNa) (Figure7). The
analysis of the HER study is summarized in the Figure 7b. This investigation finds all the model
structures can be utilized for HER. Moreover, the Gy value reduces from |Gn| = 0.23 eV in My,
to |G| = 0.28 eV in My, and finally to |Gn| = 0.17 eV for Cu site and 0.22 eV for Ni site in M3
model structure. Later, to understand the possible reason for improved HER activity in
comparison to the g-CsNas, we have analysed the density of states (DOS) (Figure 7c) projector
density of states (PDOS) for the materials as shown in Figure 7d and 7e. This analysis finds that,
the enhancement of density of states of the electrons around the fermi level may be the possible

reason for the upgradation of HER on the material.
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Figure 7. (a) Top view of model structure of Cu-Ni dual atom doped g-CsNs (M3); (b) free
energy profile for hydrogen evolution reaction (HER) on the three model structures with Cu and
Ni active site; (c) density of states (DOS) of Ms; Projected density of states (PDOS) of (d)
Cu@Ms and (e) Ni@Mas. Here, black, blue, tan and yellow coloured sphere respectively

indicates carbon, nitrogen, copper and nickel atom and the hollow sphere implies active site.

Later, we have analysed of d-band centre (dc) on the three models to possibly explain the
underlying mechanism for the improvement of HER. This analysis identifies of dc from -1.17 eV
on Cu@M; (closer to fermi level) to -2.49 (far from fermi level) for Cu@Ms (Table 1). This
shifting of dc far from fermi level leads to the weakening of the adsorption of hydrogen on
Cu@Ms than Cu@M; resulting the reduction of |Gn|. Similarly, the switching of dc from -1.65
eV in Ni@M: to -1.89 eV in Ni@Ms resulting the lowering of |G| for similar reason (Table 1).
The metal atoms plays important role to facilitate the charge transfer and also prohibits the
agglomeration by adding stability to the system.®® Further, the variation of available charges and
the dc with the alteration of relative position of the active sites hints out the possible synergistic
effect on the active sites.*® Further, the available charges and with the alteration of relative



position of the dc of the active sites indicate the possible synergistic effect.** This effect finally
improves the HER activity by refining the overpotential |Gy, indicating Cu and Ni acts as dual
active sites on g-CsN4 which is consistent with the previous reports and also the experimental

observations.*?

Charge on active

Model Site dc (eV) ) IGH| (eV)
site (le|)
Cu@g-CsN4 (My) Cu -1.17 10.26 0.23
Ni@g-CsNa (M>) Ni -1.65 9.23 0.28
) Cu -2.49 10.52 0.17
Cu-Ni@g-CsN4 (Ms)

Ni -1.49 9.55 0.22
g-CsNs with O group*? CIN NA - >1.00
Ag@g-C3Ns*® Ag NA - 0.48
AgPt@g-C3N4* Ag NA - 0.32

Table 1: Summary of charge on the active site, occupancy, d-band centre (dc) and free energy
change |GH| of three model structure M1, M2 and M3 of Cu doped, Ni doped and Cu-Ni dual
atom doped g-CsN4 catalysts for investigating the hydrogen evolution reaction (HER) obtained
in this work (* represents the results of this work) with the previous reports.

5. Conclusion

The synthesis of highly dispersed Cu-Ni dual sites on g-CsN4 surfaces was achieved
through a solvothermal process followed by pyrolysis. The resulting CusNi>-CN photocatalyst
exhibited a significantly enhanced Hz production rate of 1275 umolg *h™!, with an AQE of
0.83%. This remarkable improvement in photocatalytic activity, compared to its single-site
counterparts, is attributed to the synergistic effect of the Cu-Ni dual sites and their distinct
coordination environment with CN. The dual-site configuration modulates the charge density of
the Cu-Ni centers as found by DFT calculation, facilitating efficient electron transfer to the
metal sites during the HER. Unlike single-atom catalysts, which often exhibit limited activity,
the Cu-Ni dual sites not only reduce the free energy barrier for hydrogen evolution, but also
enhance the local electron density around the metal centers, promoting more efficient catalytic
processes. This study provides new insights into the rational design of photocatalysts with

atomic precision, highlighting the importance of dual-metal active sites and their coordination




environments. It further underscores the potential of dual-site single-atom catalysts for
advancing solar energy conversion technologies.

Supporting Information
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