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Solar-driven conversion of bicarbonate (HCO3z™) to carbonaceous fuels and/or chemicals provides an
alternative route for the development of sustainable carbon economies. However, promoting the HCOz™
reduction rate and tuning product selectivity remain significant challenges. This study reports the
identification of isolated Ni/Cu atomic pairs dispersed on a BiOCl surface (Ni;/Cu;-BOC) as a promising
candidate for efficient HCO3z™ reduction under UV-vis light irradiation. The optimized photocatalyst
exhibits a high CO formation rate of 157.1 umol g~* h™ with nearly 100% selectivity, even in the absence
of added proton sources, sacrificial agents, or sensitizers. Experimental and theoretical investigations
reveal that the atomically dispersed Ni/Cu pairs facilitate the protonation of HCOs~ to CO,, which then
undergoes a H*-assisted reduction pathway to produce CO, with *COOH as the intermediate. The
synergistic effects of the Ni/Cu atomic pairs simultaneously promote the HCO3™-to-CO, conversion and
the subsequent CO,-to-CO reduction, providing valuable insights for the development of efficient
diatomic catalysts for photocatalytic HCO3z™ reduction reactions.

Introduction

Direct photocatalytic reduction of bicarbonate (HCO; R) using
naturally abundant carbonate/bicarbonate minerals as the
feedstock, without additional CO, supplementation in aqueous
media, is a challenging yet fascinating approach for the devel-
opment of economical carbon-resource conversion technolo-
gies." The dissolved HCO;  inevitably undergoes dissociation
(HCO;~ — CO, (aq) + OH ) and/or protonation (HCO;  +H' —
CO, (aq) + H,0) processes, resulting in a near-zero concentra-
tion of CO,, which then needs to be further reduced to carbo-
naceous products.>® This CO,-mediated HCO;™ conversion rate
is kinetically sluggish due to the ultra-low CO, concentration
and the unfavourable alkaline pH that restricts CO, formation.*
Moreover, the excessive presence of HCO; anions on the CO,
reduction (CO,R) sites prevents the adsorption and activation of
CO, molecules, further lowering the overall activity.>® There-
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fore, designing catalysts to enhance local CO,(aq) concentration
with specific HCO;/CO, conversion sites is crucial for the high-
performance HCO; R reaction.
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Recent studies have shown that H'-driven HCO;~ speciation
through long-range proton transport (~100 nm) can efficiently
promote the local CO,R rate compared to HCO;™ self-dissoci-
ation.” The H' generated from nearby redox sites can directly
react with HCO;™ and/or OH™ to generate in situ CO,(aq), which
can then undergo H'-assisted CO,R to carbonaceous products,
thereby facilitating the entire HCO; R process.*® However, the
use of external proton sources, such as inorganic/organic acids
(HCl, H,S0,4, and H,BQ) or organic additives (EtOH and MeOH)
and buffer solution (NaH,PO,/Na,HPO,), not only adds extra
costs to the HCO; ™ R systems but also introduces undesirable
corrosion of the reactors.'**?> Additionally, the presence of H"
can competitively consume photo-induced electrons, further
lowering the reaction activity and selectivity.’* Therefore,
developing cost-effective proton sources (particularly H,0O) that
can provide H' under neutral conditions, and novel catalysts
that selectively reduce CO,, are crucial priorities for the prac-
tical development of efficient HCO; R systems.

Single atomic catalysts (SACs) with highly exposed reactive
sites, unsaturated coordinate geometries, and unique chemical/
physical properties have garnered extensive research interest in
the fields of CO, reduction, N, fixation and H,O splitting.****
The isolated, dispersed metal sites in SACs may outperform
metal clusters/alloys in selective chemical conversion to target
products, as they are less susceptible to competing reactions
due to their single-type atomic geometry, particularly in H'-
assisted molecular catalysis that prevents undesirable H,
formation.” For instance, manipulating Ni single atoms on
carbon nitride/ZrO, substrates to form Ni-based SACs has fav-
oured electro/photo-chemical CO, reduction to CO with >99%
CO Faraday efficiency and/or ~100% CO selectivity, even in
aqueous media."®"® However, while known SACs comprising
noble metals (Ru, Ir and Re) and earth-abundant metals (Co, Ni
and Fe) can reduce CO, to CO, relatively few of them can realize
HCO; R.2*? The CO,to-CO undergoes a 2e /2H' transfer
process, while HCO; -to-CO requires an additional H' to pre-
generate CO,(aq). Incorporating metals capable of accom-
plishing multi-e /H" transfer/formation into SACs as catalytic
pairs could theoretically drive the HCO; ™ reduction reaction.*
Previous work has demonstrated a self-adaptive dual-metal-site
catalyst (DMSC) with flexible Ni-Cu pairs that can reduce CO, to
CH,,”®* motivating the design of photocatalysts with Ni/Cu
catalytic pairs for HCO; R attempts.

Herein, we present a PVP-mediated solvothermal method for
fabricating a diatomic catalyst by immobilizing Ni and Cu
single atoms on the photoreactive (001) surface of BiOCl
(abbreviated as Ni;/Cu;-BOC). The single-site Ni and Cu atoms
in their respective forms enabled photocatalytic CO,R and
HCO; R under mild conditions without the assistance of
sacrificial agents or photosensitizers. Ni;/Cu;-BOC exhibited an
impressive HCO; -to-CO (in aqueous media) reduction rate of
around 157.1 pmol g~ h™", with nearly 100% CO selectivity,
outperforming the individual Ni;-BOC (115.2 pmol g * h™%),
Cu;-BOC (89.1 umol g~* h™!) and pristine BOC (34.6 umol g~ *
h™") catalysts. Detailed characterization revealed that the CO
formation was closely correlated with the local CO,(aq) from the
protonation of HCO; R, resulting in a CO,-intermediated
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HCO; R mechanism. In situ Fourier-transform infrared spec-
troscopy (in situ FTIR) and density functional theory (DFT)
calculations confirmed that the Ni/Cu catalytic pairs controlled
the reaction path to CO by significantly promoting *COOH as
the intermediate and reducing the energy barriers for CO
formation.

Results and discussion

The synthetic procedure for the Ni;/Cu;-BOC photocatalyst is
described in Fig. 1a. NiCl,-6H,0, CuCl,-2H,0 and Bi(NO;);-
-5H,0 respectively served as Ni**, Cu** and Bi**/Cl~ sources
with ethylene glycol (EG) as the solvent. During the sol-
vothermal stage, PVP (K30) was added as a surface-mediating
agent to create more sites for the immobilization of singly
dispersed Cu and Ni on the BiOCl substrate. PVP can also
prevent the agglomeration of BiOCl nanoparticles, favoring the
crystallization of BiOCl in well-defined morphologies with large
specific surface areas.** Other control photocatalysts, namely
Ni;-BOC, Cu;-BOC and BOC, were prepared using a similar
synthetic method. The Ni and Cu loadings in the different
photocatalysts were quantified by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (Table S17).

The XRD patterns of the Ni;/Cu;-BOC, Ni;-BOC and Cu;-BOC
photocatalysts showed only the typical reflection peaks of
tetragonal BiOCl, indicating that any Ni and Cu were highly
dispersed on the support (Fig. 1b). Raman spectra of these
photocatalysts also showed identical vibration peaks A1g2
internal Bi-Cl phonon mode (145 cm™ ') and E, internal Bi-Cl
phonon mode (190 em ™) to that of BiOCI,** suggesting that the
Ni and Cu were not incorporated by interlaminar Cl atoms
(Fig. 1c). TEM images revealed that the Ni;/Cu;-BOC photo-
catalyst had a square-like morphology and was free of any
irregular impurities or clusters (Fig. 1d). High-resolution TEM
(HRTEM) images for the selected regions showed sets of inter-
laced lattice fringes, with interplanar spacings of around
0.27 nm which were well-crystallized along the [001] direction
(Fig. 1e and S1t). Energy dispersive spectroscopy (EDS)
elemental mapping images for Bi, O, Cl, Ni and Cu revealed
a uniform distribution of these elements in the entire Ni,/Cu;-
BOC nanosheets (Fig. 1f).

To probe the coordination structures of Ni and Cu atoms in
the Ni;/Cu;-BOC photocatalyst, Ni and Cu K-edge X-ray
absorption near-edge structure (XANES), extended X-ray
absorption fine structure (EXAFS) and wavelet transform (WT)
data were collected for Ni;/Cu;-BOC and related reference
materials. As shown in Fig. 2a, the Ni K-edge of Ni;/Cu;-BOC
and Ni;-BOC exhibited higher pre-edge energies than that of Ni
foil and NiO, indicating that the Ni center in Ni;/Cu;-BOC and
Ni;-BOC had a higher valence state than NiO. The Ni K-edge
EXAFS spectra of Ni;/Cu;-BOC and Ni;-BOC showed one
intense peak at approximately 1.3 A, closely related to the first
shell of Ni-O coordination possibly due to the embedded Ni in
the [Bi,~0,]*" matrix (Fig. 2b). No Ni-Ni bond (2.17 A for Ni foil
and 2.34 A for NiO) was observable in Ni;/Cu;-BOC and Ni;-
BOC, indicating that Ni atoms were singly dispersed. The
atomic dispersion of Ni species in Ni;/Cu;-BOC and Ni;-BOC
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Fig. 1 (a) Scheme depicting the synthesis of Ni;/Cu;-BOC. (b and c) XRD patterns and Raman spectra of Ni;/Cu;-BOC, Ni;-BOC, Cu;-BOC and

BOC. (d—f) TEM, HRTEM and EDS mapping images of Ni/Cu;-BOC.

was further confirmed by WT analysis of Ni K-edge EXAFS
oscillations. The WT contour plots of Ni;/Cu;-BOC and Ni;-BOC
showed maximum intensities attributable to Ni-O bonding (at
4.9 and 4.8 A™", respectively), whereas the Ni-Ni bonding was
absent (Fig. 2¢).** Fig. 2d shows the Cu K-edge XANES spectra of
Ni;/Cuy-BOC, Cu;-BOC, Cu foil and CuO. The Cu K-edge of Ni,/
Cu;-BOC and Cu;-BOC was close to that of CuO, suggesting that
Cu atoms in Ni;/Cu;-BOC and Cu;-BOC were positively charged
with valence states near +2. The Cu K-edge EXAFS spectra of Ni,/
Cu;-BOC and Cu;-BOC showed peaks only assigned to the Cu-O
bond (1.5 A) while Cu-Cu interactions (2.24 A for Cu foil and
2.46 A for CuO) were undetectable (Fig. 2e). This indicated that
Cu atoms in Ni;/Cu;-BOC and Cu;-BOC were also isolated and
dispersed, for which the WT contour plots of Ni;/Cu;-BOC
demonstrated different Cu features than that of Cu foil and CuO
(Fig. 2f). To better understand the electronic and spatial struc-
tures of Ni and Cu atoms in the Ni,/Cu;-BOC photocatalyst, Ar
ion sputtering and high-resolution X-ray photoelectron spec-
troscopy (XPS) were performed over the Ni 2p, Cu 2p, Bi 4f, O 1s,
and Cl 2p regions of Ni;/Cu;-BOC along with selected reference
samples including Ni;-BOC, Cu;-BOC and BOC. As shown in
Fig. 2g, the Ni 2p spectra of Ni;/Cu;-BOC was deconvoluted into
five peaks including Ni** (2ps, 855.4 eV and 2p;, 873 eV),
Ni’"%2 (2p;/, 857.3 eV) and Ni** shake up satellites (880.2 eV
and 861.4 eV).* This evidenced the presence of over-oxidized Ni,
consistent with the afore-analyzed Ni K-edge XANES results. The
Ni 2p signals almost vanished after Ar ion sputtering, implying
that Ni single atoms were mainly dispersed on the outermost
surfaces of Ni;/Cu;-BOC. Fig. 2h shows the Cu 2p spectra of Ni,/
Cu;-BOC. The intense peak centered at 940.5 eV was ascribed to

19952 | J Mater. Chem. A, 2024, 12, 19950-19957

Bi 4s orbitals while peaks at 932.1 eV and 951.0 eV were
assigned to Cu*" cations.* The Cu atoms were also localized on
the outermost layer of Ni;/Cu;-BOC, and its oxidative states
were rarely influenced by Ni loading (Fig. S2t). The Bi 4f spectra
of Ni;/Cu;-BOC are depicted in Fig. 2i. Two peaks at 158.4 eV
and 164.4 eV were clearly resolved, related to partially reduced
Bi®™* states. The surface Bi atoms were relatively negatively
charged in contrast to the inner form, indicating that Bi atoms
were unconventionally coordinated. This might be attributed to
the additives Ni and Cu in the BiOCl substrate, which signifi-
cantly modified the delocalized electrons near Bi, O and Cl
atoms, thus altering the redox capacity (Fig. S37).

The photocatalytic HCO; R experiments were performed
under UV-vis light irradiation without any assistance of photo-
sensitizers and sacrificial agents. Prior to each test, the custom-
built photoreactor was purged using high-purity Ar to eliminate
gaseous impurities. Fig. 3a shows that Ni;-BOC delivered
a HCO; -to-CO production rate of 115.2 pmol g~* h™", much
higher than that of BOC (34.6 pumol g~* h™"). After the intro-
duction of Cu single atoms, the photocatalytic activity was
further improved. Ni;/Cu;-BOC offered the highest CO forma-
tion rate of 157.1 pmol g~ ' h™', which was 1.4, 1.8 and 4.5 times
higher than the activities of Ni;-BOC, Cu;-BOC and the BOC
reference photocatalyst, respectively. The H, formation was
negligible during CO production, probably due to the alkaline
HCO; R conditions that prevent H'-coupling. This superb
HCO; R rate demonstrated by Ni;/Cu;-BOC could also be
extended to the CO,R reaction, where humid CO, gas replaced
aqueous HCO;  solution as the catalytic feed. As shown in
Fig. 3b, Ni;/Cu;-BOC afforded the optimal CO,R performance

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta02199a

Published on 03 June 2024. Downloaded on 1/26/2025 7:39:35 AM.

View Article Online

Paper Journal of Materials Chemistry A
a
1.8 —— Ni foil b —— Ni foil
Ni,/Cu,-BOC —— Ni,/Cu,-BOC
Ni,-BOC NN ——ni-8oC
——Nio f\‘ ——NiO

Normalized yu (E)
[FT (k) | (A%

0.0 Ll

8320 8340 8360 8380 8400 0 1 2 3 4 5 6
Photo energy (eV) R (A)
d 18 Cu foil e cu foil
Ni,/Cu,-BOC ——— Ni,/Cu,-BOC
_ Cu,-BOC _ ——— Cu,-BOC
w il
= 1.2 Cu0 <L Cuo
= — Cu-0
o =
£ =
= %
£ ] [
£ 06 =
=2 _—
0.0 v
8970 9000 9030 9060 0 1 2 3 4 5 6 150
Photo energy (eV) R (A) k (A7)
g Ar* sputtering Ni,, h Ar’ sputtering Cuy, I | ar* sputtering Biys
Os ; 0s X
G WS A Y ¥ 5 0s
’3? ’5 ———llie =5
£ |10s s 5
Z Z [10s . = Z
2 2 hotuBi 2 |10s
2 g = 2 eSS g
£ |20s 5 €
TWIPIA Ty 20 20s . .
T T T T T T T T T !
880 870 860 850 955 950 945 940 935 930 168 166 164 162 160 158 156

Binding energy (eV)

Binding energy (eV)

Binding energy (eV)

Fig. 2 (a) Ni K-edge XANES spectra, (b) k*-weighted Fourier transforms of the Ni K-edge EXAFS spectra and (c) relative WT plots of Ni foil, Ni;/
Cu;-BOC, Ni;-BOC and a NiO standard. (d) Cu K-edge XANES spectra, (e) k*-weighted Fourier transforms of the Cu K-edge EXAFS spectra and (f)
relative WT plots of Cu foil, Ni;/Cu;-BOC, Cu;-BOC and a CuO standard. (g—i) Ar ion sputtering X-ray photoelectron spectra of Ni 2p, Cu 2p and

Bi 4f orbitals in Ni;/Cu;-BOC.

amongst Ni;-BOC, Cu;-BOC and BOC catalysts. The CO
produced from CO, was less than that from HCO; , which
might be because of the lower solubility of CO, in aqueous
media. Fig. 3c shows the HCO; R results over Ni;/Cu;-BOC at
different pH values. The CO formation rate was dramatically
increased by H' addition, and suppressed under excessively
alkaline conditions. Based on the Bjerrum plot, the fraction of
water-soluble CO, was nearly 0 at pH > 8.5.” This could be
utilized to explain the almost 0 pmol g~* h™" CO formation rate
at pH = 9, because HCO;  might not evolve into CO, thus
suspending the overall HCO; -to-CO conversion. Lowering the
PH value to a neutral value and/or increasing the local CO,
contents could promote CO production, further evidencing that
CO, was the key intermediate during the HCO; R reaction.
Cycling experiments of Ni;/Cu;-BOC showed no decrease in the

This journal is © The Royal Society of Chemistry 2024

CO formation after 5 runs, indicating that the photocatalyst
possessed good photostability (Fig. S47). XRD patterns and TEM
images of Ni;/Cu;-BOC before and after the reaction were
almost identical, suggesting that Ni/Cu catalytic pairs were
stable against aggregating during the photocatalytic tests (Fig.
S5%). To gain deeper insights into the mechanism underpinning
the fast HCO; R conversion on Ni;/Cu;-BOC as compared with
BOC, in situ FTIR spectra were deliberately employed to monitor
the reaction details. As shown in Fig. 3d and e, IR spectra of Ni;/
Cu;-BOC and BOC showed peak positions ranging from 1200 to
1700 cm ™, respectively assigned to chemisorption CO, ("CO, ",

1248 cm™', 1700 cm '), bicarbonates (HCO; , 1400-
1435 cm ™ '), monodentate carbonates (m-CO;>~, 1381 cm ™" and
1451 cm™ ') and bidentate carbonates (b-CO3>~, 1357 cm™ " and

1556 cm™').** The intensity of these peaks intensified on
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prolonging the irradiation time, indicating that carbonaceous
species accumulated on the catalyst surfaces. The obvious
differences between Ni;/Cu;-BOC and BOC were the symmetric
IR peaks centered at 1650 and 1540 cm ™', which can be readily
indexed as the *OH (-OH in H,0) and *COOH groups.*®** The
*OH signal gradually increased on BOC and almost vanished on
Ni;/Cuy-BOC, implying that Ni;/Cu;-BOC was unfavourable for
*OH or H,0 adsorption in contrast to BOC. The *COOH peak of
Ni;/Cu;-BOC was strengthened compared to that of BOC,
evidencing that Ni;/Cu,;-BOC facilitated protonation during the
HCO; R process with *COOH as the intermediate. Fig. 3f
directly provides IR peak intensities of *OH and *CO collected
over Ni;/Cu;-BOC and BOC. The *CO formation slope showed
negative correlation with the surface *OH uptake, clearly
emphasizing that excess *OH impeded HCO; -to-CO conver-
sion. This phenomenon can be explained as *OH consumed
additional H' involved in HCO; -to-CO, and CO,-to-CO paths,

19954 | J Mater. Chem. A, 2024, 12, 19950-19957

thus weakening CO,/*COOH evolution as well as lowering the
CO production. The afore-mentioned analysis depicted a typical
HCO; R route through HCO;3; -CO,-*COOH-CO, during which
Ni;/Cu;-BOC outperformed BOC in CO formation due to its
efficiency in H' utilization (Fig. 3g).

Note that the multi-protons/electron transfer process was
involved in HCO; -to-CO conversion, and the photoelectric
properties and electron-migration capacities of Ni;/Cu;-BOC
and BOC were then respectively investigated. Fig. 4a displays
the light absorption characteristics of Ni;/Cu;-BOC and BOC.
The BOC sample had an adsorption edge near 380 nm, arising
from the O 2p to Bi 6p transitions. Ni;/Cu;-BOC showed addi-
tional peaks ranging from 400-700 nm, involving O 2p to Ni/Cu
3d transitions and d-d transitions in Ni/Cu 3d orbitals,
respectively. The band gap values of Ni,;/Cu;-BOC and BOC were
calculated to be 3.31 eV and 3.46 eV based on the Kubelka-
Munk function, clearly emphasizing that Ni/Cu incorporation

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a and b) Diffuse reflectance spectra and Tauc plots of Ni;/Cu;-BOC and BOC. (c) Band alignments of Ni;/Cu;-BOC and BOC. (d—f)
Steady-state PL spectra, EIS and photocurrent patterns of Ni;/Cu;-BOC and BOC.

changed the intrinsic band alignment of BiOCl (Fig. 4b). The
conduction band (CB) levels of Ni;/Cu;-BOC and BOC were
determined to be —0.85 V and —0.7 V (vs. NHE) from the Mott-
Schottky plots, all satisfying the thermodynamic requirements
for CO production from CO, (Fig. S6t).*° Additionally, the
valence band (VB) positions of Ni;/Cu;-BOC and BOC were
estimated to be about 2.46 eV and 2.76 eV, all above the redox
potential for H,O oxidation to O, (Fig. 4c).** This observation
suggested that CO and O, possibly served as the products from
reduction/oxidation-half reactions, with pre-analyzed surface
*OH probably being the oxygen evolution intermediate.** The
dynamics of photo-induced charge carriers were then employed
by photoluminescence (PL) and electrochemical impedance
spectroscopy (EIS). As shown in Fig. 4d and e, Ni;/Cu;-BOC
displayed weakened PL peaks with the smallest EIS semicircles
as compared with BOC. Note that the quenched PL signals re-
flected the suppressed electron-hole recombination and the EIS
radius empirically correlated with the inner-resistance; the
afore-mentioned results thus collectively indicated that Ni;/Cu;-
BOC possessed the best charge separation efficiency due to its
high conductivity.***** Fig. 4f shows the photocurrent signals
collected over Ni;/Cu;-BOC and BOC during the same time
interval. The photovoltaic peaks demonstrated by Ni;/Cu;-BOC
surpassed that of BOC, further evidencing that Ni;/Cu;-BOC
facilitated photoelectric conversion and charge carrier
migration.**=>*

To further elucidate the photocatalytic HCO;™ R dynamics at
the atomic level, DFT calculations of elementary HCO; R steps

This journal is © The Royal Society of Chemistry 2024

over Ni;/Cu;-BOC and BOC were separately simulated. Based on
the XAFS studies, we constructed surface models as BOC (001)
with/without Ni/Cu catalytic pairs (Ni/Cu-BOC and BOC) to
represent the likely coordination geometries of Ni;/Cu;-BOC
and BOC samples (Fig. 5a). Fig. 5b shows Gibbs energy barriers
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Fig. 5 (a) DFT models representing BOC and Niy/Cu;-BOC samples.
(b—d) Energy profiles for the elementary steps of HCOs -to-CO,,
CO,-to0-CO and H*-to-H, pathways over BOC and the Ni/Cu-BOC
model.
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involved in HCO; -to-CO, conversion. The solvated HCO;™
anions were first chemically adsorbed on the catalytic surfaces,
followed by C-OH cleavage (by dehydration) to form *CO,. Ni/
Cu-BOC offered a lower energy barrier for *HCO; protonation/
dehydration to *CO,, evidencing that the Ni;/Cu;-BOC catalyst
favoured H' utilization. The subsequent transformation of CO,
into CO was predicted to occur endothermically over the Ni/Cu-
BOC model, and the formation of adsorbed *COOH was the rate
limiting step (Fig. 5¢). The summed-up energy barriers required
for CO production within the Ni/Cu-BOC model (AG = 0.57 eV)
also lower than that of the BOC model (AG = 0.63 eV), indi-
cating the advantages of Ni/Cu catalytic pairs in HCO; R/CO,R
reactions. The dissociative H' tended to be captured by BOC as
adsorbed *H, while Ni/Cu-BOC unfavoured *H formation thus
preferred H'-driven HCO;~ speciation/H " -assisted CO, reduc-
tion (Fig. 5d).

Conclusions

In conclusion, a Ni;/Cu;-BOC photocatalyst comprising singly
dispersed Ni/Cu catalytic pairs over a BiOCI substrate afforded
excellent performance for the photocatalytic reduction of
bicarbonate (HCO; ) to carbon monoxide (CO) under UV-vis
irradiation. Benefiting from the surface-immobilized Ni/Cu
catalytic pairs, a remarkable CO formation rate of 157.1 pmol
g " h™'was realized in the HCO;~ aqueous solution, surpassing
the activities of the individual Ni;-BOC, Cu;-BOC and BOC
catalysts. In situ FTIR results and photoelectric tests showed
that the protons and electrons required for the HCO; -to-CO,
conversion were dramatically increased and promoted on the
Ni/Cu-involved catalyst, facilitating the subsequent CO, reduc-
tion to CO with *COOH as the reactive intermediate. DFT
calculations also demonstrated that the Ni/Cu-BOC model
lowers the energy barriers involved in the HCO;™ reduction
process by significantly promoting the utilization of H' through
a series of protonation and dehydration pathways leading to CO
production. These findings shed light on the rational design of
diatomic photocatalysts for sustainable HCO; /CO, reduction
reactions. The Ni;/Cu;-BOC photocatalyst developed in this
study delivers an unusually high CO formation rate during the
photocatalytic HCO;™ reduction tests, showcasing its potential
for practical applications in the development of economical
carbon-resource conversion technologies.
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