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Charge density distribution in metal single-atom (M-SA) catalysts is vital for charge transfer and molecular in-
teractions with intermediate species. In this work, an ion-loading pyrolysis strategy has been developed to in-situ
anchor Ni-SAs and NiO nanoclusters in holey g-C3N4 nanosheets for boosting photocatalytic reduction of CO; to
CO through local charge polarization. The optimized photocatalyst achieves a high CO evolution rate of 42.55
pmol g! h™! with nearly 100% selectivity. Both the spectroscopic and theoretical results reveal that NiO

nanoclusters can alter the local electronic distribution by drawing electrons from adjacent Ni SAs through the g-
C3Ny4 network and enhance the polarization of Ni-N bonds. Such electronic localization and polarization facil-
itate the separation of photogenerated charges via abundant Ni-N channels and tune the electronic structures of
Ni-SA centers to optimize the adsorptions of intermediates in CO2PR. This work opens a new avenue to construct
advanced M-SA catalysts with metal oxide nanoclusters for high-efficiency photocatalytic CO, conversion.

1. Introduction

Carbon dioxide photoreduction (CO2PR) enables solar energy con-
version into fuels, holding great promise for advancing carbon neutrality
[1,2]. Nonetheless, the efficiency of CO5PR activity is hindered by the
challenges of activating nonpolar CO2 molecules and cleaving strong
C=0 double bonds with a high dissociation energy (~750 kJ mol™!)
[3,4]. Additionally, CO2 reduction involves multiple steps of electron-
coupled proton transfers [5,6], demanding appropriate electronic
structure on active catalytic sites. Numerous photocatalysts have been
developed to address such issues, encompassing metal-free and metal-
containing materials (graphitic carbon nitride (g-C3N4) [7-9], metal-
—organic framework (MOF) [10-12], metal oxide [13,14], metal single-
atoms (M-SAs) catalysts [15,16], and so on) with diverse
nanoarchitectures.

M-SAs supported by g-C3N4 nanosheets (NSs) stand out from various
catalysts due to their unique electronic properties. The substrates of two-

dimensional g-C3N4 NSs inherit the advantages of bulk structures
(distinctive electronic structures, chemical stability, ease of synthesis,
and eco-friendliness) and exhibit plentiful active sites and rapid charge
transfer [17-20]. Besides, orbital hybridizations between M-SAs with
electronegative nitrogen atoms of g-C3N4 create metal-nitrogen (M—N)
moieties and electronic metal-support interactions (EMSIs) for charge
transfer [21-25]. However, sp® n-conjugated stacking architectures of g-
C3Ny substrates induce relatively homogenous surface charge distribu-
tion [26]. Such high symmetries of charge distribution on M-SA catalysts
manifest inferior adsorption/activation of nonpolar CO5 molecules and
directional charge separation/transfer [27,28].

Accordingly, some recent studies have proposed concepts of hetero-
SAs catalysts pairing two different M-SAs (such as Cu/Co and Co/Ni) to
induce localizations of positive or negative charges on various M-SA
sites [29-31]. Another strategy to disrupt symmetry in charge distri-
butions involves tailoring the coordination environments of M-SAs by
introducing defects [32,33], electronegative heteroatoms [34-37], or
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asymmetric coordination configurations [38,39]. The inhomogeneous
charge distribution through these modification strategies enables
adjustable d-band states of M-SAs and optimized adsorption/desorption
strengths of reactive species. Furthermore, the polarized charge distri-
bution can promote electron redistribution between g-C3N4 and M-SAs
and strengthen EMSIs, thereby improving metal atomically dispersion
and charge separation/transfer [29,34,40].

Motivated by these considerations, incorporating a secondary
component represents an effective and straightforward approach to
regulating the charge distribution of M-SA catalysts, thereby improving
CO2PR efficiency. In this work, we have developed an ion-loading py-
rolysis route to in-situ co-loaded Ni-SAs and NiO nanoclusters onto g-
C3N4 holey NSs (NiO/Nigp-CN HNSs) for efficient photocatalytic
reduction of CO; to CO. Both experimental results and theoretical cal-
culations reveal that NiO nanoclusters can accept electrons from Ni-SAs
via Ni-N bridges and enhance the polarization of Ni-N bonds in Niga-CN
HNSs. The alterations of charge density endow NiO/Nigy-CN HNSs with
expedited photoinduced charge separation and reduced energy barriers
of CO2PR-to-CO conversion. Therefore, NiO/Niga-CN HNSs show an
improved CO2PR-to-CO activity of around 1.7 times higher than Niga-
CN HNSs. This work offers a local charge polarization approach to
manipulate the electronic properties of M-SA sites and provides valuable
insights into harnessing polarized engineering to develop high-
efficiency COPR photocatalysts.

2. Experimental section
2.1. Materials

Analytical-grade melamine, nickelous nitrate hexahydrate (Ni
(NO3)2:6H20), phosphoric acid, hydrochloric acid, absolute ethanol,
glycerol, anhydrous sodium sulfate (NazSO4). All the chemicals were
purchased from Sinopharm Chemical Reagent Co., Ltd. (China) and
directly used without further purification. Deionized water was used
throughout the work.

2.2. Synthesis of NiO/Niga-CN and pristine g-CsN4 (p-CN) HNSs

Initially, 500 mg of melamine, different molar percentage amounts of
Ni(NO3)2:6H20 to melamine (1, 2, 3, and 4 mol.%), and 600 mg of
phosphorous acid were dissolved in 50 mL of deionized water at 80 °C
with vigorous magnetic stirring for 1 h. The resulting mixture was then
transferred into a Teflon-lined stainless-steel autoclave and maintained
at 180 °C for 10 h. Subsequently, the sample was collected by centri-
fugation, washed with deionized water until neutrality, and dried at
60 °C for 12 h. The resulting sample was refluxed in a mixed aqueous
solution containing 5 mL of glycerol and 15 mL of ethanol at 90 °C for 3
h. Afterward, the resulting product was collected by centrifugation,
washed with ethanol, and dried at 60 °C in an oven. Finally, the powder
samples were obtained by annealing the aforementioned powder at
500 °C for 2 h in a tube furnace with a heating rate of 2 °C min™* under a
hypoxic atmosphere. The obtained samples were marked as NiO/Niga-
CN-X (X =1, 2, 3 and 4) HNSs. The p-CN HNSs were prepared using a
similar method as NiO/Niga-CN HNSs, except that without the addition
of Ni(NO3)2'6H20.

2.3. Synthesis of Niga-CN HNSs

Niga-CN HNSs were obtained through acid treatment to eliminate
NiO nanoclusters, while maintaining the stable Ni-SAs sites according to
the previous literature [41]. The as-prepared NiO/Nigy-CN-3 HNSs were
dispersed in hydrochloric acid (0.5 M) and then vigorous magnetic
stirring for 12 h. The obtained Nigy-CN HNSs were collected by centri-
fugation and washed with deionized water and absolute ethanol for
several times, and then dried at 60 °C for 12 h.

Other experimental details including material characterizations,
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photophysical and (photo)electrochemical measurements, photo-
catalytic CO5 reduction experiments, and theoretical calculations, can
be found in the Appendix A. Supplementary data.

3. Results and discussion
3.1. Synthesis and structural characterization of the NiO/Nigsa-CN HNSs

An ion-loading pyrolysis approach was adopted to co-anchor Ni-SAs
and NiO nanoclusters into p-CN HNSs (Fig. 1a). The synthesis started
with constructing Ni%*-loaded supramolecular precursors, which were
rich in functional groups of -NH, and ~OH within tri-triazine layers, by
the coordination-driven self-assembly of Ni2* ions, melamine, and hy-
drolyzed cyanuric acid [15,21]. After inserting polar molecules of
ethanol and glycerol into tri-triazine interlayers [19], the Ni*"-loaded
precursors were pyrolyzed at 500 °C in a hypoxic atmosphere to
generate p-CN HNSs, Ni-Ng moieties, and NiO nanoclusters concur-
rently. It is noted that electronegative nitrogen sites in p-CN HNSs can
secure Ni-SAs and NiO nanoclusters through orbital hybridizations to
promote charge transfer [15]. A series of NiO/Niga-CN-X (X =1 to 4)
HNSs were prepared with increased additive amounts of Ni* ions. The
control catalyst of p-CN HNSs was also prepared without adding Ni?*
ions. Acid etching to remove NiO nanoclusters in NiO/Niga-CN-3 HNSs
was employed to synthesize Niga-CN HNSs for comparison.

Field emission scanning electron microscopy (FESEM) images reveal
the layered microrod structure for the Ni®*-loaded supramolecular
precursors (Fig. Sla). The p-CN, Niga-CN, and all NiO/Niga-CN HNSs
exhibit similar sheet-like structures featured by abundant macropores
(Fig. 1b and S1b-f). Besides, nitrogen adsorption-desorption isotherms
and Fourier-transform infrared spectra of studied catalysts show negli-
gible variations in specific surface areas and molecular backbone con-
figurations, respectively (Figs. S2 and S3). As presented in X-ray
diffraction (XRD) results, all as-prepared samples display similar
diffraction profiles of g-C3N4 [42], and no discernible NiO phase is
detected in NiO/Nigpy-CN HNSs (Fig. S4). These results reflect that
similar porosity, molecular structure, and crystallinity of p-CN sub-
strates are preserved in Niga-CN and NiO/Niga-CN HNSs.

Transmission electron microscopy (TEM) images of the NiO/Niga-
CN-3 HNSs reveal few-layered holey nanosheets of p-CN substrates with
pore sizes ranging from tens to hundreds of nanometers (marked by red
dash lines) (Fig. 1c and d). Besides, individual Ni-SA sites (circled in
orange) are visualized in the aberration-corrected high-angle annular
dark-field scanning TEM (AC HAADF-STEM) image with a sub-angstrom
resolution (Fig. le). The numerous isolated Ni-SAs are distributed
around NiO nanoclusters (circled in red) with an average size of about
0.8 nm (Fig. 1e). Moreover, the elemental mapping images of NiO/Niga-
CN-3 HNSs demonstrate uniform distributions for high abundances of C
and N elements, alongside low concentrations of Ni and O elements
(Fig. S5). The contents of Ni species in NiO/Niga-CN HNSs were deter-
mined by atomic absorption spectrometry (AAS) (Table S1). Ni-SAs and
NiO nanoclusters account for as high as 3.08 and 0.93 wt%, respectively,
with the total Ni amount up to 3.81 wt%. Survey X-ray photoelectron
spectroscopy (XPS) reveals the presence of C, N, Ni, and O elements in
as-prepared catalysts (Fig. S6a). High-resolution XPS analyses were also
investigated for NiO/Nigy-CN-3 HNSs. Contributions from C-N=C
(398.66 eV), N-(C)3 (399.68 eV), and -NH&NH;, (400. 97 eV) are
deconvoluted in the N 1s spectrum (Fig. 1f) [19]. The C 1s spectrum
shows typical peaks of C-C (284.80 eV, adventitious carbon) and C-N=C
(288.18 eV) [43], meanwhile, the lattice oxygen from NiO nanoclusters
(530.15 eV) are identified in the O 1s spectrum (Figs. S6b and ¢) [44].
Additionally, the peak at 854.37 eV in the Ni 2p3,5 spectrum is located
between those for Ni?* ions (856.00 eV) and metallic Ni (853.10 eV)
[45,46], indicating the coexistence of Ni** and partially reductive
Ni® ¥+ species (Fig. 1g). The fractions of various elemental bonding
configurations in Niga-CN and NiO/Niga-CN-3 HNSs measured by XPS
as listed in Table S2 and S3. Compared to Niga-CN HNSs, NiO/Niga-
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Fig. 1. (a) Schematic illustration of the synthetic process of the NiO/Niga-CN HNSs. (b) FESEM, (c, d) TEM, (e) AC HAADF-STEM image of NiO/Nigs-CN-3 HNSs. The
high-resolution XPS spectra of (f) N 1s and (g) Ni 2p for Niga-CN, and NiO/Nigs-CN-3 HNSs.

CN-3 HNSs exhibit increased binding energies of C-N=C in C 1s and N
1s spectra, in contrast to the negative shift of Ni 2ps,» peak. These results
elucidate the role of NiO nanoclusters in altering the electronic distri-
bution of Niga-CN substrates. It seems that the electron density on Niga-
CN is reduced with more electrons transferring from Niga-CN to NiO
nanoclusters, thus resulting in partially reductive Ni®®* species in NiO
nanoclusters.

The valence states and coordination of Ni species in NiO/Nigs-CN-3
HNSs were elucidated by X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS). As shown in the
Ni K-edge XANES curves, the absorption edge for NiO/Niga-CN-3 HNSs
is located between Ni foil and standard NiO (Fig. 2a), in consistent with
XPS results. It further confirms mixed oxidation states between 0 and +2
for Ni species, resulting from partially reductive NiO nanoclusters and
isolated Ni-SAs. Fig. 2b presents Fourier-transformed ks-weighted
EXAFS spectra of NiO/Niga-CN-3 HNSs. Two major well-scattered peaks

at 1.53 and 2.55 A in R-space are separately assigned to the first coor-
dination shell of Ni-N in Niga-CN substrates and the second shell of
Ni-Ni in NiO nanoclusters, respectively [47]. Undetected Ni-Ni peak at
2.12 A from Ni foil shows the absence of metallic Ni nanoparticles. The
average Ni coordination numbers for Ni-N and Ni-Ni bonds are around
6.1 and 5.6, respectively (Fig. 2c, S7, and Table S4). It reflects the
formation of thermally stable Ni-Ng configurations and low-coordinated
NiO nanoclusters with defect sites in NiO/Niga-CN HNSs. Such struc-
tures are further supported by wavelet transform (WT) plots (Fig. 2d-f).
Notably, the low coordination of NiO nanoclusters enables their strong
interactions with nitrogen atoms in p-CN due to the formed Ni-N bonds.

3.2. The polarization mechanism of electronic distributions

According to coordination information, two theoretical models of
Niga-CN and NiO/Niga-CN were constructed to reveal local electronic
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Fig. 2. (a) Normalized Ni K-edge XANES spectra (inset: the enlarged pre-edge absorption), (b) Fourier transform ks-weighted EXAFS spectra of Ni foil, standard NiO,
and NiO/Niga-CN-3 HNSs. (c) EXAFS fitting curve of NiO/Niga-CN-3 HNSs at R-space. WT-EXAFS analysis of (d)Ni foil, (e) standard NiO, and (f) NiO/Niga-CN-3
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CN, and (i) NiO/Nigs-CN. The isosurface value is set to 0.0003 e A=3. The yellow and cyan regions represent charge accumulation and depletion, respectively. The C,
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distribution by density functional theory (DFT) calculations. A Ni atom
coordinate with six N atoms from C-N=C moieties in a single layer of g-
C3Ny to construct the Nigy-CN model (Fig. S8a). Subsequently, Niga-CN
was decorated by a NiO nanocluster in adjacent sites of Ni-SAs to create
NiO/Niga-CN (Fig. S8b). Bader charge difference analysis reveals an
electron accumulation on the NiO nanocluster and an electron depletion
on the Niga-CN substrate (Fig. S9), agreeing with XPS results. A total of
0.24 |e| charge is transferred from the Niga-CN substrate to the NiO
nanocluster. It means that NiO nanoclusters enable the polarization of
electronic distributions by accepting electrons from Nigs-CN substrates.
The negatively charged NiO nanoclusters and positively charged Niga-
CN substrates can create a built-in electric field at the interfacial region
(Fig. 2g). Photogenerated holes accumulate in the NiO nanoclusters,
while photoexcited electrons are transferred to the Ni-Ng sites through
Ni-N bridges. Therefore, it is supposed to facilitate photoexcited charge
separation and transfer due to the synergy of Ni-SAs and NiO
nanoclusters.

Moreover, N ligands of Ni-Ng moieties for Niga-CN have increased
electron density by accepting an average of 1.11 |e|, in contrast to
reduced electron density on Ni-SA centers with losing an average of 0.69

|e| (Fig. 2h). Nevertheless, those are 1.16 and 0.72 |e| for NiO/Niga-CN,
respectively (Fig. 2i). The difference in Bader charge transfer numbers
increases from 1.80 to 1.88 |e| with the introduction of NiO nano-
clusters, reflecting an increase in the polarity of the Ni-N bonds.
Furthermore, the total electron density on Ni-Ng site increases by 0.23 |
e| for NiO/Niga-CN in comparison to Niga-CN, likely benefiting the
adsorption and activation of electron-deficient CO2 molecules. Experi-
mental and theoretical analyses have demonstrated the presence of
polarized electric fields between NiO nanoclusters and Niga-CN sub-
strates, along with those between N ligands and Ni-SA centers within
Ni-Ng sites.

3.3. Photocatalytic COz reduction performance

To assess photoactivities of local polarized catalysts, visible light-
driven CO2PR was performed in a gas-solid reaction system. The
gas-solid reaction system can allow the exposure of the catalyst surface
to CO, atmosphere, and suppress the formation of Hy from H30 reduc-
tion [48,49]. All samples of p-CN, Niga-CN, and NiO/Niga-CN HNSs
show CO evolution in 4 h with nearly 100% selectivity (Fig. 3a and S10).
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Fig. 3. (a) Time courses of CO evolution over p-CN, Nigs-CN, and NiO/Nigy-CN-3 HNSs. (b) Average CO gas evolution rates of as-prepared catalysts. (c) Cyclic
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Neither other gaseous nor liquid products (such as Hp, CH4, and CH3OH)
were detected (Fig. S11). Besides, NiO/Niga-CN-3 HNSs with an optimal
Ni amount exhibit the best CO evolution rate of 42.55 pmol g~! h7!,
around 4.1 and 1.7 times higher than that of p-CN and Nigs-CN HNSs,
respectively (Fig. 3b). NiO/Niga-CN-3 HNSs exhibit the highest
apparent quantum efficiency of 0.14% illuminated at 400 nm (Fig. S12,
and equations S1 and S2). This superior activity surpasses the most
advanced M-SA-modified g-C3Ny catalysts (Table S5). After five suc-
cessive cycles over 20 h, NiO/Niga-CN-3 HNSs display high photo-
stability while preserving an original activity (Fig. 3c). The well-
maintained morphology, crystal structures, and molecular backbone
configuration of spent NiO/Niga-CN-3 HNSs further evidence superior
structural stabilities (Fig. S13). In control experiments, no products are
observed in the dark or argon atmosphere (Fig. S14). Additionally, 1*C
isotope experiments show a signal of m/z = 29 in mass spectra and a
13CO signal in gas chromatography spectra (Fig. S15). These results
validate that CO product is generated from CO, reactant gas instead of
any organic impurities under visible light illumination.

3.4. Origins of photoactivity evolution

NiO nanoclusters play a significant role in polarizing local electronic
distributions of Niga-CN. It is supposed that microscopic changes can
affect optical properties and efficiencies of charge separation and
transfer. Electronic band structures were first investigated using

ultraviolet—visible diffuse reflectance spectroscopy (UV-vis DRS) and
Mott-Schottky (M—S) plots. Compared with p-CN HNSs, Niga-CN HNSs
show a slight increase in light absorption (Fig. 3d), which is reflected by
the slightly narrower bandgap (2.82 eV) for the Niga-CN HNSs (vs. p-CN,
ca. 2.86 eV) (Fig. S16a). Additionally, the co-loading of Ni-SAs and NiO
nanoclusters on p-CN HNSs enables NiO/Niga-CN-3 HNSs sufficiently
possess light-harvesting properties. The positive slopes of M—S plots
reveal the n-type nature for as-parepared samples (Figs. S16b-d) [50].
Notably, the slope of M—S plots is reduced in an order of p-CN, Niga-CN,
and NiO/Niga-CN-3 HNSs. This means that NiO nanoclusters endow
Niga-CN with improved charge carries density [51]. Note that the con-
duction band (Ecp) of n-type semiconductors is roughly equivalent to a
flat band (Eg,) [52]. The Ecps of p-CN and Niga-CN HNSs are determined
to be —1.07 and —1.03 V, respectively, relative to the normal hydrogen
electrode (NHE) at pH = 7 (Figs. S16b and c). The negative location of
Ecp compared to CO2 reduction potential suggests the feasibility of
CO9PR over studied catalysts. Both p-CN and Nigy-CN HNSs exhibit the
equal valence band (Eyp) of 1.79 V (vs. NHE, pH = 7) by a combined
analysis of bandgaps and Ecps. Thus, the band alignment and possible
charge flow paths are illustrated in Fig. 3e and S17.

Photogenerated charge separation and transfer were then revealed
by (photo)electrochemical measurements. The diminished photo-
luminescence (PL) emission intensity of NiO/Niga-CN-3 HNSs shows the
suppressed electron-hole recombination (Fig. S18) [53,54]. Besides,
time-resolved PL (TRPL) decay curves can be fitted using a bi-
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exponential model [55]. NiO/Niga-CN-3 HNSs exhibit a lower average
lifetime (7) of 9.49 ns than control catalysts (12.74 ns for p-CN and
10.86 ns for Nigy-CN) (Fig. 3f). It is probably induced by additional
nonradiative charge transfer pathways associated with available Ni-N
channels [47,56]. Charge transfer efficiencies can be represented by
electron rate constants (ket), calculated by Equations (1) and (2):[47]

ket (p-CN—Niga-CN) = 1/7(Niga-CN) — 1/7(p-CN) (€D)

ket (p-CN—NiO/Nig,-CN) = 1/7(NiO/Nig,-CN) — 1/7(p-CN) 2
NiO/Niga-CN-3 HNSs exhibit a higher k¢; value than that of Niga-CN
HNSs (2.69 x 107 vs. 1.36 x 107), revealing improved charge transfer
efficiency. Moreover, the photocurrent response of NiO/Niga-CN-3
HNSs is increased compared to control catalysts due to its rapid charge
separation (Fig. S19) [57]. The electrochemical impedance spectra (EIS)
display the reduced arc radius of the Nyquist plots for NiO/Niga-CN-3
HNSs, reflecting lowered interfacial charge transfer resistance (Fig. S20)
[14]. The fitting results from EIS illustrate the NiO/Niga-CN-3 HNSs
possess the lowest charge transfer resistance (R) among as-prepared
samples (Table S6). Furthermore, the linear sweep voltammetry (LSV)
curves in a COs-saturated sodium sulfate solution reveal a reduced
overpotential for NiO/Niga-CN-3 HNSs at the same current density
(Fig. S21a). This is consistent with the corresponding Tafel slopes,
indicating accelerated reaction kinetics associated with the CO; reduc-
tion process (Fig. S21b) [58]. It originates from high free electron
density as indicated by small slopes of M—S plots and high energy
densities of states across Fermi levels (Figs. S16b-d and $22).

The facilitated charge separation and transfer are supposed to boost
photoinduced electron participated in surface reduction reactions. To
confirm this hypothesis, the photoreduction of 2, 2, 6, 6-tetramethylpi-
peridinooxy (TEMPO) was conducted over various durations of light
radiation (0 to 5 min). The residual amounts of TEMPO molecules were
quantified by in-situ electron spin resonance (ESR) spectroscopy [59].
Compared to p-CN HNSs, Niga-CN HNSs display low signal intensities,
indicative of high TEMPO consumption rates (Fig. 3g and h). The
TEMPO depletion is further accelerated over NiO/Niga-CN-3 HNSs
(Fig. 3i and S23). These results have verified that more photogenerated
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electrons are available to be captured by TEMPO after the introduction
of Ni-SAs and NiO nanoclusters. The high availability of electrons results
from a reduced charge migration barrier and expedited charge separa-
tion. Additionally, the electrochemical double-layer capacitance (Cqy) is
tested by fitting cyclic voltammetry (CV) curves at different scanning
rates (Figs. S24a-c). The Cq value of NiO/Niga-CN-3 HNSs (0.0956 mF
em 2 is higher than that of p-CN (0.0656 mF em2) and Niga-CN HNSs
(0.0764 mF cm’z), demonstrating that Ni-SAs and NiO clusters endow
NiO/Niga-CN-3 HNSs more reactive sites to participate in the COoPR
(Fig. S24d) [58].

Besides charge separation and transfer, the impact of NiO
nanoclusters-assisted charge polarization on CO; adsorption was
revealed by CO, adsorption isotherm curves (Fig. S25). The NiO/Niga-
CN-3 HNSs manifest an increased maximum COy adsorption capacity
(2.56 cm® g’l) compared to p-CN (1.20 cm® g’l) and Niga-CN (1.87 cm®
g 1. 1t is likely because more electron-deficient and nonpolar COs
molecules have high affinities with electron-enriched and polarized
Ni-—Ng sites in the presence of NiO nanoclusters. The visible light-driven
adsorbed CO; (*COy) activation and reduction were then monitored by
in-situ diffuse reflection infrared Fourier transform spectroscopy
(DRIFTS) measurements (Fig. 4 and $26). A couple of intermediates on
studied catalysts are identified. They include monodentate carbonates
(m-CO%, 1510 ecm™ 1), bidentate carbonates (b-CO%", 1333, 1549 and
1566 cm’l), bicarbonates (HCO3, 1667 cm™1), ¢CO3 radicals (1271 and
1650 cm’l), carboxylates (*COOH, 1710 cm’l), and carbonyls (*CO,
2125 cm’l) [60,61]. In contrast to p-CN HNSs with positive signal in-
tensities, Niga-CN and NiO/Niga-CN-3 HNSs show negative values for
most intermediates and positive values for *CO species. Compared to p-
CN HNSs, adsorbed CO,-derived species on Niga-CN and NiO/Niga-CN-3
HNSs are quickly consumed over light irradiation with low conversion
barriers. The *CO; conversion on NiO/Niga-CN-3 HNSs proceeds faster
than Niga-CN HNSs with more negative intensities, benefiting from
highly polarized surface charge distribution.

3.5. Theoretical investigations of photocatalytic mechanism

A feasible reaction route is proposed according to DRIFT results.
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Fig. 4. (a, c, e) 3D color surface map and (b, d, f) the corresponding color contour map of in-situ DRIFTS of the as-prepared samples exposed to a mixture gas of He,
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After *CO, species are protonated and reduced to *COOH (*COz + H™ +
e — *COOH), *COOH species are converted to *CO (*COOH + H' + e~
— *CO + H20). The final *CO desorption step results in the formation of
CO product (*CO — * + CO). Such reaction mechanism was further
elucidated from Gibbs free energy diagrams for CO; reduction derived
by DFT calculation (Fig. 5a and equations S3-S6). The energy barrier of
*CO2-to-*COOH on Niga-CN is 1.01 eV, suggesting an endothermic
process. Nevertheless, the decoration of NiO nanoclusters alters the step
of *COOH formation to an exothermic process with a negative barrier of
-0.43 eV. More importantly, the rate-determining step (RDS) for CO
production lies in *CO desorption. Compared to Niga-CN (1.51 eV), NiO/
Nigp-CN show a reduced RDS barrier of 1.40 eV, consistent with their
superior CO2PR-to-CO activity. Besides, competing with CO evolution,
CH4 may be produced through the formation of formyl species (*CHO)
from *CO. The reaction barrier for *CO-to-*CHO is higher than
*CO-to-CO, indicating the high catalytic selectivity for both Niga-CN
and NiO/Niga-CN, which is in agreement with the experimental result of
nearly 100% CO product selectivity.

The Gibbs energy diagrams have shown that the reaction kinetics are
dictated by the adsorption strength of *CO, which is closely correlated
with the electronic structures of Ni-SA centers. As presented in the
projected partial density of state (PDOS) analysis, the d-band center of
NiO/Niga-CN downshifts to —1.28 eV from —1.19 eV for Niga-CN, in line
with the reduced electron density on Ni-SA sites with NiO nanoclusters-
assisted polarization (Fig. 2h and i). The negatively shifted d-band
center away from the Fermi energy can induce more electrons to occupy
antibonding orbitals of the Ni-SA center and *CO (Fig. 5b and c) [62].
Hence, the *CO adsorption is destabilized to facilitate CO;PR-to-CO
conversion.
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4. Conclusion

In summary, a high-efficiency CO2PR photocatalyst was achieved by
in-situ anchoring NiO nanoclusters on the surroundings of Ni-SAs sites in
p-CN HNSs substrates. Both the spectroscopic and theoretical results
unveil that NiO nanoclusters can draw electrons from Niga-CN substrates
to promote the formation of the built-in electric field at the interfacial
region, contributing to facilitated charge separation and transfer. Be-
sides, NiO nanoclusters can destroy the delocalization of electrons from
g-C3Ny4 network, localize electrons on neighboring Ni-Ng active sites,
and polarize Ni-N chemical bonds. The charge carrier density is
increased due to such polarization effect. Moreover, the electron-
enriched and polarized Ni-Ng sites allow strong interactions with
electron-deficient and nonpolar CO; molecules to improve COs
adsorption and activation capacities. Furthermore, the down-shift d-
band center of Ni-SA centers with the presence of NiO nanoclusters
weakens the *CO adsorption to promote CO production. As a result, the
polarized NiO/Niga-CN HNSs show an improved CO evolution rate up to
42.55 pmol g~ h™! with nearly 100% selectivity. This work presents in-
depth insights into the engineering electronic properties of M-SAs
photocatalysts.
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