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Selection of single-atom for surface charge modulation to promote
CO; activation and stabilize *COOH intermediate for solar fuels
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Modulating surface charge distribution is a key strategy for enhancing photocatalytic CO, reduction, as it effectively activates
the inert CO, molecule into a reactive, bent configuration. However, the rational design of such catalysts is fundamentally
challenged by the lack of a systematic, predictive guideline for selecting optimal anchored single metal atoms. We address
this critical gap by establishing a novel predictive metal selection principle based on the synergistic effect of the single atom's
valence electron count and electronegativity. This principle successfully guided the selection of transition metals (Cr, Fe, Ni)
anchored onto WO; nanoplates via wet impregnation, ensuring selective surface modification while preserving bulk
properties. The Fe-anchored WO; catalyst, identified by our principle, demonstrated the most substantial surface electron
density localization. This rational optimization led to a remarkable three-fold enhancement in PC-CO,RR efficiency,
selectively yielding CO as the primary product. Comprehensive experimental and theoretical analyses confirmed that this
localized charge accumulation promotes significantly stronger CO, chemisorption and critically stabilizes the *COOH key
intermediate. Specifically, the reaction became thermodynamically spontaneous with AG(*COOH) =-1.73 eV. Our findings
establish a strong correlation between localized surface charge density and CO, activation, providing a fundamental and
generalizable guideline for the rational design of high-performance catalytic materials for energy and sustainability

applications.

dioxide (CO;) is one of the most threatening greenhouse gases due
to its massive emissions from human activities, which may cause
serious or irreversible damage.? As one of the alternative solutions,
photocatalytic CO, reduction reaction (PC-CO,RR) has attracted
attention, which can convert CO; into valuable fuels (such as CO and
CH4) using sustainable solar energy.3® However, PC-CO2RR is limited

Introduction

Global warming has been a concern for several decades, leading to
serious environmental problems such as rising mean surface
temperature, sea levels, and climate change.! In particular, carbon
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by its low conversion efficiency due to chemically inert nature of the
linear configuration of the CO, molecule.” According to the
literatures, the adsorption of CO, on the surface active sites is a
critical step, which plays a significant role in influencing the reduction
reaction pathways, and ultimately determining the PC productivity
and selectivity of PC processes.> 8 While intrinsic defects, grain
boundaries, and edges are recognized as active sites for CO2RR,
activating CO, on the inert basal plane or the surface atomic
structure of the catalyst is more advantageous.®!! Therefore, re-
designing a catalyst’s surface to enhance product yield is essential for
pursuing high conversion efficiency.

In the realm of photocatalysis, the arrangement of atoms on the
surface is momentous due to its substantial impact on surface
electron density distribution for catalytic activity and selectivity.1214
For instance, charge-enriched dual metal site catalyst, e.g., Vs-
CulnsSs, alters the CO; adsorption mode from weak M—C or M-0
bonds to stronger M—C—0O—M bonds. This alteration allows CO; to
remain on the catalyst surface longer, awaiting the subsequent
protonation step all the way to yield CH4.12 Generally, the localized
surface electron density enables CO, adsorption through orbital
hybridization between C or O and surface atoms.!3 1516 Several
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studies have focused on surface engineering to modify surface
atomic structure to enhance the efficiency of PC-CO,RR.13: 1517 For
example, Zhou and coworker manipulated charge accumulation by
anchoring Au single atoms and regulating the vacancy types in the
host material. As a result, CO; interaction with the catalyst surface
changed from physical to chemical adsorption.!® Chemisorption of
CO; on the catalyst surface leads to electron transfer from the
catalyst to the anti-bonding orbitals of CO,, which weakens the C=0
bonds and facilitates subsequent chemical transformations.!® This
structural change converts CO, to nucleophilic or a nucleophile,
leading to easier activation of CO, for photocatalytic conversion.18-20

To achieve surface charge accumulation, doping engineering is
the most effective method.?:?* However, conventional doping
methods, such as one-pot synthesis, may not be ideal since they can
alter the entire crystal structure of the catalyst and potentially
introduce detrimental defects and cause significant carrier
recombination.?>?’ In contrast, the wet impregnation approach
enables selective modification of the surface properties by anchoring
dopants on the host semiconducting material without affecting its
bulk characteristics.2> 28 Hence, anchored dopants can function as
supplementary catalytic active sites directly at the surface—ambient
interface.?8-30

Currently, single-atom catalysts (SACs) have garnered immense
interest due to their exceptional ability to significantly boost catalytic
performance even with minimal metal loading. Beyond merely
enhancing physical properties such as light absorption, charge
transfer and separation, and introducing new active sites,3132 recent
studies have highlighted that these improvements fundamentally
stem from the precise control of electronic structures.33 SACs enable
the strategic regulation of orbital electron occupancy in adsorbates,
thereby stabilizing specific key intermediates.3*3> Consequently,
research has begun to focus on dual or multi-single-atom systems to
steer product selectivity from C1 toward C2 products.3637 By
manipulating surface charge populations, it is possible to finely tune
adsorption strength and intermediate stability, which is a vital
consideration for the future development of multi-carbon fuels.

However, a significant challenge remains: the selection of the
optimal transition metal atom for anchoring lacks a systematic,
predictable guideline. Existing studies often rely on trial-and-error,
limiting the efficient rational design of advanced catalysts. This
limitation is particularly evident in the sparse exploration of spin
effects on the occupancy of antibonding orbitals within key
intermediates. Such electronic regulation is essential for optimizing
the electronic acceptance-donation interaction between the catalyst
and reactants, as recent studies suggest that spin-polarized states
can significantly stabilize intermediate species through d-orbital
rearrangement.343> Addressing this crucial gap, our study establishes
a clear selection mechanism. We propose that the key to maximizing
electron enrichment on the model catalyst surface lies in the
synergistic effect of the number of metal's valence electron and its
electronegativity. This principle allows us to predictively select single
transition metal atoms that can induce the strongest localized charge
accumulation, optimizing CO, activation. Ultimately,
electronegativity and valence electron count can serve as robust
descriptors to predict and guide the selection of suitable transition
metals, thereby laying a foundational framework for the rational
design of high-performance catalytic materials.

Inspired by the above statements, we designed a series of
transition metal-anchored WO3 catalysts to enhance CO; adsorption
and promote CO; reduction. Notably, WOs nanoplates is selected as
the model catalyst due to its earth-abundancy, economic cost,
nontoxicity, and photostability.383° The wet impregnation method
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was employed to selectively introduce the fourth period transitiop
metals (Cr, Fe, and Ni) as anchoring dopants bR /the suifaceT6f WS,
These elements were selected due to their excellent catalytic
performance and their capability to effectively modulate surface
charge density.?% 4041 Characterization techniques, including X-ray
absorption near-edge structure (XANES), X-ray photoelectron
spectroscopy (XPS), in situ Fourier transform infrared spectroscopy
(FTIR) spectroscopy, and density functional theory (DFT) calculations,
revealed modulation of charge density distribution and *COOH key
intermediate stabilization, asterisks stand for the active site, when
transition metals are anchored on the surface. The enhancements of
CO, adsorption and activation were also proved through the
theoretical calculations and experimental PC-CO,RR. Ultimately, a
strong correlation between charge accumulation, CO, adsorption,
and activation was observed, providing valuable insights for the
design of next-generation catalysts.

Experiment

2.1 Chemicals

All chemicals and reagents were of analytical grade and used directly
without further purification. Tungsten(VI) chloride (WCls, = 99.9%)
was purchased from Sigma-Aldrich. Oxalic acid (H2C;04, anhydrous,
98%) was purchased from Alfa-Aescar. Chromium (lll) nitrate
nonahydrate (Cr(NOs)3-9H,0, 99%), iron (Ill) nitrate nonahydrate
(Fe(NOs)3-6H20, 99%), and nickel nitrate hexahydrate Ni(NOs),-6H-0,
99%) were obtained from Sigma-Aldrich. Ethyl alcohol (99.5%) was
bought from Shimakyu's Pure Chemicals (Osaka, Japan).

2.2 Preparation of Catalysts

2.2.1 Synthesis of WO3

WOs3 was prepared via the solvothermal method, following literature
report.*? First, 0.4 g WClg was dissolved in 80 ml of ethanol.
Subsequently, 4 g of oxalic acid was added to the solution, and
stirring was continued until the solution changed to transparent
color. Then, the solution was transferred to a sealed 100 mL Teflon-
lined stainless-steel autoclave and placed in the oven at 100 °C for 24
h. After the heating process, the autoclave was cooled naturally to
room temperature. The WOs3 powders were then collected by
centrifugation and washed three times with deionized (DI) water and
absolute ethanol. Subsequently, the collected products were
subjected to freeze-drying to prevent particle aggregation. Finally,
the products were annealed at 165 °C under atmosphere conditions
to enhance the crystallinity.

2.2.2 Synthesis of SA-M/WO; (M = Cr, Fe, Ni)

SA-M/WO;3 denotes single atom anchoring on WOs3, where M
represents the transition metals that are anchored onto the WO;
surface. SA-Fe/WO; was synthesized using the wet impregnation
method.*3-4* Initially, 1 mmol of Fe(NOs)3-9H,0 and 20 ml of ethanol
were added to a flask. The solution was then bubbled with high-
purity argon for 30 minutes to remove any dissolved gas. Then, 80
mg of WO3; powder was added to the solution and stirred to evenly
disperse the powder. The solution was heated to 80 °C using an oil
bath to facilitate the anchoring of Fe ions onto the surface of WOs.
For SA-Cr/WOs3 and SA-Ni/WO03, the procedures were the same, with

This journal is © The Royal Society of Chemistry 20xx
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only the metal precursors
Ni(NOs),:6H,0, respectively.

changed to Cr(NOs3);:9H,O and

2.3 Material Characterization

The crystal structure of the catalysts was analyzed using a powder X-
ray diffractometer (XRD, Bruker, D2 Phaser) with Cu K, radiation (A =
0.1540 nm). The catalyst morphologies were studied using scanning
electron microscopy (SEM, JEOL, JSM-6500), high-resolution
transmission electron microscopy (HRTEM, EOL JEM-2100F), and
scanning transmission electron microscopy (STEM, JEOL, JEM-
ARM300F2), operated at 200 kV. Surface area of catalysts were
studied by Brunauer—-Emmett—Teller analysis (BET, BELSORB MAX II).
CO, adsorption behavior was conducted using temperature-
programmed desorption (TPD) measurements (AutoChem Il 2920
Micrometrics). Light absorption measurement was performed by
ultraviolet-visible-near infrared spectroscopy (UV-Vis-NIR, JASCO, V-
670) with an integrated sphere using BaSO4 powder as the standard
reference. Photoluminescence (PL) spectra were measured using a
custom-built confocal fiber-microscope integrated with a HORIBA
iHR550 system, equipped with a Syncerity BI-NIR CCD camera
(wavelength range: 400 to 1075 nm) and a diode laser (405 nm) as
the excitation source. Time-resolved photoluminescence (TRPL)
signals were collected using a photomultiplier detector (PicoQuant,
PMA192, wavelength range: 230 to 920 nm). XPS was measured by
an X-ray photoelectron spectroscopy system (ULVAC-PHI, PHI 5000
VersaProbe Ill) using monochromated Al Ka (1486.6 eV) X-ray as the
excitation source. The XPS signals were calibrated by C 1s at 284.6
eV. Element composition was measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES, Agilent 710-ES). X-
ray absorption spectroscopy (XAS) spectra were acquired in National
Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan). W
L3 edge was performed under transmission mode in NSRRC TLS BLO1
Cl. Cr K-edge, Fe K-edge and Ni K-edge were collected under
fluorescence mode in NSRRC TPS BL44 A. Reaction intermediates
formed during the photoreduction process were monitored using in-
situ FTIR spectroscopy (Bruker Tensor 27).23 4546

2.4 Photocatalytic CO2 Reduction Reaction

A batch-type photocatalytic CO, reduction experiment was
conducted to investigate the performance of the photocatalyst. Prior
to the photocatalytic CO; reduction test, 50 mg of photocatalyst was
placed in a homemade gas-tight quartz reactor with a 30-mL volume
and evacuated to remove any air. The reactor was then filled with
high-purity CO, (99.9999%), which passed through a water bubbler
at a constant flow rate of 100 sccm for 30 minutes under atmospheric
pressure. A 150 W AM1.5 solar simulator (Xe lamp) with an intensity
of 100 mW cm™2 was used as the light source. After 4 h of light
exposure, the photocatalytic products were analyzed by gas
chromatography (GC; HP 6890 GC-HID) using a Shin-Carbon ST
column for product separation. For the isotope test, 12CO, was
replaced by 13CO,, and the light exposure time was extended to 24 h.
The photocatalytic products were analyzed by mass spectrometry
(Agilent 7890 CB). The apparent quantum efficiency (AQE) is defined
by the ratio of the effective electrons utilized in solar fuel production

This journal is © The Royal Society of Chemistry 20xx

to the total incident photons on the catalyst. AQE was, galsulated

using the following equation: DOI: 10.1039/D5TA10187E

AQE(%) =
(1)

where a represents the number of electrons involved in solar fuel

axYxXN

X 100% = TR 100%,

number of electrons

total photons incident on catalyst

formation (aco = 2, acu, = 8, and ay, = 2), Y is yield of solar fuel
products, N is Avogadro’s number, 6 is the photon flux, T is the
irradiation time, and S is the irradiation area. For absorbed photon
quantum efficiency (APQE), the total incident photons on the
catalyst are replaced by the total photons absorbed (1 < A4) by the
catalyst. In the case of SA-Fe-WOs;, N = 6.022x10% mol? 6 =
2.58 x10'7 571 cm~2 (integration photons from 300-1100 nm), T =4 h,
§ =4 cm? For APQE calculation, 8 (A < 14) =8.86 x10%° s cm2 (4,
=413 nm).

2.5 Theoretical Calculations.

Spin-polarized DFT calculations were performed by the Vienna Ab
initio Simulation Package (VASP).*” The projector augmented-wave
(PAW) method was employed to describe
interactions.*® The exchange-correlation functional was treated

core-valence

within the generalized gradient approximation (GGA) using the
Perdew—Burke—Ernzerhof (PBE) scheme.*® A 2x2x4 supercell of WO3
(cubic phase, space group Pm3m) was constructed as the
computational model. The plane-wave cutoff energy was set to 600
eV for all models. Valence electron configurations are 5d°6s? for W,
2522p* for O, 3d°4s! for Cr, 3d74s! for Fe, and 3d°4s! for Ni. A k-point
convergence test was performed, leading to the selection of a 4x4x1
k-point mesh, as shown in Fig. S1. Electronic and ionic relaxations
were carried out with convergence criteria of 10 eV for energy and
0.005 eV A-! for forces, respectively. To eliminate the interaction
between periodic images, a vacuum space (> 20 A) was added in the
z-direction.

The formation energy (AEy) is calculated as:
AEf¢ = E(anchored WO3) — E(WO03) — X; niu;, (2)

Where E(anchored W03) and E(WO3) represent the electronic
energies of the WO3 supercell with and without the metal dopant,
respectively. n; denotes the number of atoms added (n; > 0) or
removed (n; < 0) relative to the WO3 supercell, and y; is the chemical
potential of the atom i, obtained from its pure metal phase. CO;
adsorption energy was calculated by taking the electronic energy of
the system with CO, adsorbed and subtracting the combined
electronic energy of the pristine surface and the energy of an isolated
CO; molecule.

The Gibbs free energy was calculated by adding thermal corrections
to the electronic energy, as shown in equation (3)1% 50-52;

GZEDFT+ZPE+H(0—>T)—TS (3)

Where Eppr is the electronic energy. ZPE, Ho_r), and S represent

the zero-point energy, enthalpy contribution, and entropy,

J. Name., 2013, 00, 1-3 | 3
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Fig. 1 Material characterizations. (a) XRD patterns of W03, SA-Cr-WOs, SA-Fe-WOs, and
SA-Ni-WOs. (b, c) HRTEM images of SA-Fe-WOj3; with different magnifications. (d) HAADF
and EDS elemental mapping images of SA-Fe-WOs.

respectively, obtained from vibrational frequency calculations. Only
the vibrations of the active sites and adsorbates were considered,
while the remaining catalyst atoms were assumed negligible and
fixed at their optimized positions. T denotes the temperature, which
was set to 300 K in all calculations. In the reaction pathway diagram,
the free energy changes (AG) of intermediates are referenced to the
free energies of a gas-phase CO, molecule, the clean surface, and half
the free energy of an H, molecule multiplied by the number of added
hydrogen atoms.12

Results and discussion

To investigate the impact of surface atomic structure and electron
density distribution on PC-CO;RR, wet impregnation methods were
employed to anchor the desired transition metals onto the surface
of WOs. This method enables modification of the WOs surface while
maintaining its crystalline structure and preserving its bulk
properties. Hence, it hinders the PC-CO,RR performance from being
affected by other factors.

Firstly, XRD patterns and TEM analyses were conducted to
confirm the crystal structure of as-synthesized WO3 and SA-M-WO3
(M = Cr, Fe and Ni). As depicted in Fig. 1 (a), the XRD patterns reveal
that all the diffraction peaks of the as-synthesized WOs3 are

4 |J. Mater. Chem. A
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consistent with the cubic phase WOs. The TEM images,illustrate @
cubic nanoplate morphology for WO; with atétage tHametdrsi s
nm and thicknesses ranging from 5 to 8 nm, which is beneficial for
interlayer charge transfer (Fig. 1 (b-c)). After wet impregnation
process, the XRD patterns of SA-Cr-WOs3, SA-Fe-WO3, and SA-Ni-WOs3
are nearly identical to those of as-synthesized WOs. This indicates
that no metal or metal oxide clusters were formed, and no metals
were intercalated during surface modification process. TEM and SEM
images (Fig. S2 and S3) show no significant morphological changes.
To evaluate surface area variations, BET analysis was performed,
revealing similar surface areas across all samples (Fig. S4). The results
exhibit a typical Type Il isotherm curve with a Type H3 hysteresis
loop,

characteristic of plate-like particle aggregation.>® Additionally, UV-
Vis measurements were conducted to confirm light absorption
properties, showing an absorption edge near 450 nm in all samples
(Fig. S5).>* Power-dependent PL analysis were also carried out to
examine the light emission properties (Fig. S6). The results showed
that intensity ratio of emission peak Ex and Eg under different
excitation power (0.25 to 15.25 mW) is similar, implying all the
modified samples have optical properties similar to the pristine WOs.
Based on above observations, it can be concluded that that the
surface modification introduces new catalytic active sites without
affecting the electronic structure, accessible surface area, or
morphology. To confirm the presence of anchored metals and their
distributions, HRTEM, high-angle annular dark-field STEM, and
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
images were recorded. As shown in Fig. 1 (c), the interplanar spacing

(a) (b)
—— SA-Cr-WQ, — SA-Fe-WO,
— Cr metal Fe metal
7 )
= =
3 =
a o
= =
eh B
T 2
= =
c c
2 ]
= =
L 1 L 1
5950 6020 6090 7140 7210
Energy (eV) Energy (eV)
(c) (d)
— SA-Ni-WO, Ni metal
I“‘I —— Ni metal @ SA-Ni-WO,
7]
+
: e Fe metal
o <
o = 3 SA-Fe-WO,
2z o
B X
5 Cr metal
= i_\ 8 SA-Cr-WO,
1 1 1 = g 1 _ 1
8330 8400 8470 0 2 4 6

Energy (eV) R (A)

Fig. 2 Structural characterization of transition metal-anchored WO; by XAS. XANES
spectra (fluorescence mode) of (a) SA-Cr-WOs, (b) SA-Fe-WOs, and (c) SA-Ni-WOs. (d) FT-
EXAFS fitting results of transition metal-anchored WOs. The black line represents the
fitting curve, while the brown line represents the standard metal reference.

This journal is © The Royal Society of Chemistry 20xx
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of SA-Fe-WOs3 nanoplates is 3.9 A corresponding to (100) and (010)
planes of cubic W03.55%¢ The observation of these mutually
perpendicular lattice planes within the nanoplate confirms that the
primary exposed surface (the basal plane) is the (001) facet. No
additional metals or metal oxides were observed in the HRTEM
images. Meanwhile, EDS elemental mapping images show that W, O
and Fe are uniformly distributed (Fig. 1 (d)), confirming the
atomically dispersed Fe on the WO3 nanoplates. We observed the
same for SA-Cr-WOs and SA-Ni-WOs (Fig. 7). Additionally, ICP-OES
was performed to precisely determine the elemental composition of
the materials (Table S1). The results indicate that the metal doping
levels (i.e., M/(W+0)) are approximately 1% for all samples.

To identify the chemical information and coordination
environment of loaded metals (Cr, Fe and Ni) in the SA-M-WO3
samples, XAS was employed to measure the K-edge of Cr, Fe and Ni,
respectively (Fig. 2 (a—c)). X-ray absorption near-edge spectroscopy
(XANES) spectra of all the Cr, Fe, and Ni K-edge exhibit noticeably
different spectral curves in contrast to the standard metal foil
reference. The white line edge shows the much stronger intensity for
the K-edge of the Cr, Fe, and Ni spectrum, indicating the loaded

als'Chemistry)A

ARTICLE

spectrum. To further confirm the exact coordination epvjrenment;of
loaded metal, the Fourier transform of the CfOFel @AESRID-EHEE K-
weightede extended X-ray absorption fine structure (EXFAS) were
processed to acquire bond length information in real (R) space. As
shown in Fig. 2 (d), EXAFS spectra of SA-Cr-WO0Os, SA-Fe-WOs3 and SA-
Ni-WOj3 exhibit the main peaks at 1.51, 1.52 and 1.57 A, respectively,
which are close to the first shell of M—O bond length.57->° EXAFS
fittings were also processed with the model of metal anchored in
bond with oxygen, which agree well with the experimental results.
The details of EXAFS fitting parameters are shown in Table S2.
Moreover, no other extra peaks were found in the range of 2 to 4 A,
representing there are no M—M bond or second shell of M—0-M
bond were formed. It provides the evidence that loaded metals are
atomically dispersed and isolated bonded on WOs surface.

XPS spectra were recorded to investigate the interaction
between the loaded metals and WOs, chemical compositions, and
insights into the charge transfer behavior. Firstly, the core level
spectra of loaded metals were measured to confirm their successful
incorporation onto the WO3; surface (Fig. S8). The peak positions of
these metals correspond to their oxide states, indicating bonding
with surface oxygen, which is consistent with the XAS results. To
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Fig. 3 Charge transfer analysis with different metal (Cr, Fe, and Ni) modifications. (a) W 4f and O 1s spectra of W03, SA-Cr-WO5;, SA-Fe-WOs3, and SA-Ni-WOs. (b) XANES spectra
(transmission mode) at the W Ls;-edge for WOs, Cr-WOs, Fe-WOs;, and Ni-WOs. (c, d) Relationship of charge transfer, valence electrons and electronegativity of W and O elements

respectively. (Electron transfer is calculated from DFT.)

metals are in the oxidized state rather than the metallic state,
implying no metal cluster on the surface. However, their XANES
spectra also slightly deviated from their typical metal oxide

This journal is © The Royal Society of Chemistry 20xx

further examine charge transfer behavior, the core levels of tungsten
and oxygen were analyzed. As depicted in Fig. 3 (a), the doublet
peaks of W 4f in pristine WO; were observed at 37.5 eV (W 4fs/;) and
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35.3 eV (W 4fy,). For O 1s spectra, pristine WO3 also exhibits two
peaks located at 530.7 eV and 532.5 eV, which are attributed to
lattice oxygen and -OH, respectively.®° It should be noted that the
ratio between O-to—W matches with the stoichiometric ratio (Table
S3). After metal loading, both W 4f and O1s peaks shifted toward
lower binding energy, indicating electron transfer from the loaded
metals to WOs. The shift in XPS signals followed the trend: SA-Fe-
WO3 > SA-Ni-WOs3 > SA-SA-Cr-WO03; > WOs3, exhibiting a volcano plot
behavior. Particularly, SA-Fe/WOs3 exhibited the most significant shift
for W 4f from 35.3 to 35.2 eV and for O 1s from 530.7 to 530.5 eV,
implying the strongest interaction between Fe atoms and WOs, with
more electrons transfer from Fe atoms to WOs. Notably, O 1s
displays a larger change since it is in the first shell of the doped
metals. In addition, XAS measurements were also conducted to
elucidate the charge transfer behavior within the materials. The
intensity of the white line in the L-edge spectra is an indicator of d-
orbital occupancy, i.e., the lower edge intensity indicates higher d-
orbital occupancy. The normalized W L3 edge spectra are presented
in Fig. 3 (b). It can be observed that the intensity of the W L3 edge
decreases while the metals are loaded onto the WO;, indicating a
decrease of empty orbitals. It implies that introducing metals has led
to charge transfer between loaded metals and WOs;. While the
loaded metals provide the excess electrons to fill the d-orbitals, the
excited electrons are not allowed to process bound state transition
(2p to 5d). Among all the samples, it was observed that SA-Fe-WOs3
exhibited the greatest decrease, indicating that the charge density
transfer between Fe and WOs is the highest, while that between Cr
and WOs is the lowest. This result is also consistent with the XPS
results. Based on the initial material design principles, doped metal
atoms with a higher number of valence electrons are more likely to
the
electronegativity of element also influences the degree of electron

donate electrons to the substrate material. Meanwhile,
transfer, as shown in Fig. 3 (c—d). Hence, it can be concluded that Fe
can be considered as the single atom with the most electron density
transfer to WOs.

To study the impact of different metal loading on the CO,RR
performance, we conducted a series of PC tests. For these tests, the
materials were sealed in a batch-type quartz reactor filled with CO,
and water vapor, followed by light irradiation for 4 h. As shown in
Fig. 4 (a), the main products for pristine WO3 are CO, H,, and CHa,
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Fig. 4 Photocatalytic CO reduction. (a) Average product yield of WO3, SA-Cr-WO3, SA-Fe-

WOs, and SA-Ni-WOs; for an irradiation time of 4 h. W 4f and O 1s peak shifts from the
XPS results are also included for the comparison. (b) Cycling stability test for SA-Fe-WOs;.
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with yields of 4.5, 0.97, and 0.2 umol g%, respectively;.Dapingwith
Cr, Fe, and Ni showed improvements i Xh&-Prodbet Ayrefis
Specifically, with Cr doping, the yields of CO, H,, and CH4 increased
to 7, 1.3, and 0.7 umol g%, respectively. Fe doping resulted in a
highest increase in yield among all three samples, with CO, H,, and
CH, yields reaching 12.1, 3.1, and 0.6 umol g, respectively, which
are approximately three times higher than those of pristine WOs.
However, Ni doping led to a modest increase in yield, with the CO,
Hy, and CHs production falling to 8.9, 1.9, and 0.6 umol g7,
respectively. This volcano-like behavior is analogous to the degree of
charge transfer observed (Fig. 4 (a)). While the charge transfers
within the material increases, the photocatalytic CO; reduction
activity is also enhanced. This similar trend suggests a correlation
between charge transfer and photocatalytic CO; reduction activity.

To determine the optimal catalyst configuration, a series of SA-
Fe-WOs3 samples with varying Fe concentrations was systematically
evaluated. The results indicate that the optimal loading amount is
1.0%, while the CO, reduction efficiency begins to decrease as the
concentration is further increased to 1.5% (Fig. S9). This performance
decline is attributed to the fact that high loading amounts facilitate
the formation of metal clusters, which leads to the loss of the unique
charge transfer behavior characteristic of isolated single atoms.
Supporting this conclusion, XPS results reveal that the 1.5% sample
does not exhibit the significant binding energy shifts found at lower
loadings, suggesting a lack of effective electronic interaction
between the Fe species and the WO3 support (Fig. S10).

To test the stability of the material under PC-CO,RR experiment,
the samples were recycled after each cycle of photocatalytic CO;
reduction and then subjected to the same PC test. The results
indicate that the samples maintained good stability after five cycles
(~20 h). In addition, a blank test experiment was also conducted to

Fig. 5 Charge density distribution analysis. Charge density distribution analysis of (a) SA-
Cr-WOs;, (b) SA-Fe-WO; and (c) SA-Ni-WOs. Charge densities with interface values of
0.003 e~ Bohr3. Yellow and cyan areas denote electron accumulation and depletion,
respectively. Top: top view. Bottom: side view.

This journal is © The Royal Society of Chemistry 20xx
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confirm that the CO;RR products were indeed converted from the
CO; and not from surface contamination (Fig. S11). Isotope tracer
analyses were also performed to understand the carbon source of
product CO and CHs (Fig. S12). The overall AQE and APQE reached
approximately 0.007% and 0.21% which is in the range of highest
productivity plants that have typical efficiency of about 1% annually,
respectively.®!

Superior CO;RR performance is often accompanied with electron
localization in material, which is benefit to the CO, adsorption and
activation.'® 1516 Qur results show a potential correlation between
the charge transfer and CO,RR activity. To address it in details, we
performed DFT calculations to investigate the impacts of anchored
Cr, Mn, Fe, Co and Ni atoms on the re-distribution of surface charge
density and CO; adsorption over WOs surface. According to the XRD
and TEM results, the cubic WO3 surface was cleaved along the (001)
direction of bulk WOs. A 2x2x4 supercell was then constructed as the
computational model. Based on the XAS results, the doped metal
coordinates with oxygen atoms, suggesting two possible anchoring
configurations for Cr, Fe, and Ni: (1) Metal is positioned directly on an
oxygen site ("M on O") or (II) Metal is surrounded by four oxygen
atoms ("M anchored"). Formation energy calculations (Fig. S13)
indicate that Cr, Fe, and Ni preferentially adopt the configuration
anchored between four oxygen atoms (Fig. S14). The charge density
differences were calculated to explore re-distribution of charge
density of WOs3 surface. As displayed in Fig. 5, it can be observed that
electron accumulation occurs near the W and O atoms adjacent to
the doped metals, i.e., surface charge density re-distributed or
creating localized electron-rich regions, while electron depletion
occurs at the doped metals. To further quantify the amount of the
transferred electron from the anchoring metals, Bader charge
analysis was conducted.®? The results clearly show that anchoring Cr,

als'Chemistry)A
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Mn, Fe, Co and Ni can transfer 0.44, 1.21, 1.03, 0.84 apd 0:Z3 &nte
the neighboring atoms, respectively, therebyPéHhEhting/the siiHace
electron density. Specifically, the electron population of the
neighboring W atoms increases from 3.45 e" in pristine WO3 to 3.47,
3.59, 3.58, 3.53 and 3.52 e for SA-Cr, SA-Mn, SA-Fe, SA-Co and SA-
Ni, respectively. A similar trend is observed for the neighboring O
atoms, where the electron population rises from 6.99 to 7.07, 7.14,
7.10, 7.11, and 7.08 e". This quantitative trend, summarized in Fig.
S15 and Table S4, aligns perfectly with our XPS and XANES findings.
The charge localization induced by Fe can be attributed to the ideal
balance between its valence electron count and electronegativity
(see Fig. 3 (c—d)). While Cr has a relatively low electronegativity, its
limited number of valence electrons (3d°4s?) restricts the total
amount of transferable charge. Conversely, although Ni possesses
the highest valence electron count (3d°4s?), its high electronegativity
exerts a stronger pull on its electrons, thereby hindering effective
transfer to the WOs substrate. Mn (3d°4s?) and Fe (3d74s?)
represents a synergistic optimum, providing a sufficient valence
electron supply while maintaining a moderate electronegativity,
which maximizes the localized surface charge density to promote CO;
activation.

In addition, the next question would be “how does the position
of the metal dopant influence charge density distribution?”. To
address this question, we calculated the charge density distribution
with metals placed in various positions, as illustrated in Fig. S15. The
results reveal minimal charge transfers when the metal substitutes
W sites. Furthermore, when the dopants occupy interstitial sites
within the WOs lattice, the surface W atoms exhibit a tendency to
lose electrons. It represents that surface convert to electron
deficiency condition. This suggests that only when metals are
anchored on the WO; surface can effectively induce charge
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Fig. 6 CO, adsorption model and desorption behavior. (a) CO, adsorption models on W03, SA-Cr-W0O3;, SA-Mn-WOj3, SA-Fe-WO3;, SA-Co-WOs and SA-Ni-WOs, (b) CO,-TPD profiles of

transition metal-anchored WOs.
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accumulation on the catalyst surface. However, substitutional and
interstitial site doping are thermodynamically more stable than
anchored doping, as shown in Fig. S16. Therefore, to promote metal
anchoring on the catalyst surface and enhance kinetic feasibility, we
employed a wet impregnation approach instead of in-situ doping
methods. Furthermore, considering that XPS analysis revealed the
presence of surface hydroxyl groups (-OH), we constructed
hydroxylated surface models (OH-WOs; and SA-Fe-OH-WOs) to
evaluate the impact of -OH groups on the electronic environment. As
summarized in Table S5, the introduction of surface -OH groups do
not significantly alter the charge density of the surrounding W and O
atoms. The consistent charge distribution between the pristine and
hydroxylated surfaces confirms that the predictive selection principle
remains robust under realistic, hydrated reaction conditions.

To elucidate the role of anchoring metals in modulating CO,
adsorption, we constructed CO, adsorption models to calculate both
the adsorption energy and the associated charge transfer. Initially,
several possible adsorption structures were optimized to identify the
most stable CO, adsorption configurations. Their adsorption model

rials'Chemistry/A

Journal of Materials Chemistry A

and adsorption energy are shown in Fig. S17. The,Jnest. . stable
configurations for CO, adsorbed on W03, SRCF- WL SRNNIRG5
SA-Fe-WO3;, SA-Co-WOs, and SA-Ni-WOs; are displayed in Fig. 6 (a).
The results indicate that CO, molecules can spontaneously adsorb
onto all systems, as evidenced by negative adsorption energies. The
transition metal anchored samples exhibit stronger CO; adsorption
compared to the pristine W03, as reflected by their more negative
adsorption energies. The adsorption energy of CO, basically follows
the trend of charge transfer: SA-Co-WO3 = SA-Mn-WOj3 > SA-Fe-WO3
= SA-Ni-WO3; > SA-Cr-WOs3 > WOs, suggesting that increased
localization of electrons enhances CO; adsorption. Specifically, CO,
exhibits weaker interactions on pristine WOs, with an adsorption
energy of —0.33 eV, while SA-Cr-WOs3, SA-Mn-WO03, SA-Fe-W03, SA-
Co-WOs3 and SA-Ni-WOs show stronger interactions (mixed
configuration) with adsorption energies of -0.41, -1.26, -1.01, -1.29
and -1.08 eV, respectively. In addition, SA-Fe-WQs; exist another
chemisorption mode of CO; (oxygen-down configuration) with
adsorption energy of -0.48 eV. Therefore, it can be expected that SA-
Fe-WOj3 system can have higher possibility to adsorbed the CO; for
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Fig. 7 In-situ FTIR measurements. (a) In-situ FTIR spectra of SA-Fe-WO; and (b) variation of IR peak intensities associated with *CO, and H,0*, recorded in CO, and H,0 atmospheres
under dark conditions. (c) In-situ FTIR spectra of SA-Fe- WOs and (d) time-dependent variation of IR peak intensities associated with *CO,, H,0*, and the *COOH intermediate,

recorded in H,0 and CO, atmospheres under light irradiation
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activation. Additionally, the configuration of adsorbed CO; serves as
a crucial descriptor for high-performance catalysts, as the bond
length and angle of the CO, molecule reflect its activation state.®3 In
the pristine WOj3 system, CO, preferentially adsorbs on W and O sites,
forming O—W and C-O bonds. However, the charge transfer from
WO; to the CO, molecule is merely 0.01 electrons, and the CO;
(178.1°),
characteristic of weak physical adsorption. In contrast, in SA-Cr-WOs,
SA-Mn-WO0s3, SA-Fe-WOs3, SA-Co-WOs3 and SA-Ni-WO3 systems, CO;
preferentially coordinates with W and the anchored metal sites,
forming O—W and C—M bonds, which induce CO; bending. The charge
transfer from SA-Cr-WOs, SA-Mn-WO3, SA-Fe-WOs3, SA-Co-WO3 and
SA-Ni-WOs to the CO, molecule increases significantly, reaching 0.52,
0.71, 0.69, 0.64 and 0.53 electrons, respectively. Notably, in the
oxygen-down configuration of SA-Fe-WOQs, charge transfer can reach
up to 0.74 eV. As a result, the C=0 bond length elongates from 1.18

molecule remains in a nearly linear configuration

A to 1.26 A, and the CO, molecular angle (£ 0-C-0) reduces from

180° to 132.1°. More details are presented in Table S6. These results
indicate that charge density localization enhances CO; adsorption
and activation. To account for more realistic reaction conditions, the
influence of surface hydroxylation on CO, adsorption was also
systematically investigated. As summarized in Table S7, the
adsorption energy of CO, on the OH-WO3 exhibits only a minor shift
from -0.33 eV to -0.40 eV compared to the pristine surface. For the
SA-Fe-OH-WOj3 system, although the presence of surface -OH groups
leads to a slight decrease in adsorption strength (from -1.01 eV to -
0.78 eV), the adsorption energy remains significantly more favorable
than that of both pristine and hydroxylated WOs supports. These
findings confirm that the Fe single-atom sites maintain their superior
CO; activation capability even in a hydroxylated environment.
Furthermore, we confirmed the enhancement of CO, adsorption
through TPD measurements. As shown in Fig. 6 (b), the CO,-TPD
profile of the pristine WO3 system exhibits a desorption peak near
50°C, indicating the presence of physical adsorption. After anchoring
Cr, Fe, and Ni, the desorption peaks shift to higher temperatures,
withthe SA-Fe-WO3 system showing a prominent peak near 110 °C.
This shift suggests stronger chemisorption of CO, due to interactions
with the anchored metal and tungsten. Additionally, a significant
increase in peak area is observed, which can be attributed to the two
kinds of chemisorbed CO, species in the SA-Fe-WO; system. These
experimental findings meet well with our simulation results. These
results clearly reveal that anchored metal modulates the surface
charge density distribution of WO3 to promote CO; activation.
In-situ FTIR spectroscopy was employed to elucidate the mechanistic
pathway of the anchored-metal system in photocatalyticCO,
FTIR spectra that
characteristic peaks appeared after purging CO; and H,0 vapor. (Fig.
7 (a), Fig. S18-19). The peak at 1695 cm* was assigned to the surface-
adsorbed CO, (*CO3), while the peaks at 1634 and 3421 cm™ were
attributed to the surface-adsorbed H,O (H,0%*).23 4>46 These results
confirm that the essential reactants for the CO,RR were successfully

reduction. In-situ showed several new

adsorbed on the catalyst surface prior to light irradiation. The peak
intensities of *CO, and H,O* increased during gas purging (Fig. 7 (b)).
Upon light irradiation, the intensities of the *CO, and H,O0* peaks

This journal is © The Royal Society of Chemistry 20xx

decreased, signifying the consumption of the adsoghed.spegies
during the CO,RR (Fig. 7 (c), Fig. 518-19). 7RIS oisiithptioH\Was
observed to be time-dependent, as the peak intensities continuously
decreased over the irradiation period (Fig. 7 (d)). The decreases in
the peak intensities of *CO, and H,O* obtained in the SA-Fe-WO3
sample is 20 and 25 % higher than that obtained in the pristine WOs3,
highlighting that the enhanced reactivity of SA-Fe-WO3 sample could
result from Fe anchoring. Notably, a new peak emerged at 1516 cm™
after light irradiation, corresponding to the *COOH intermediate (Fig.
7 (c)).23 %485 As noted in these references, this peak position is
consistent with prior studies on metal oxide photocatalysts, where
the characteristic bands of *COOH species are typically observed in
the 1500-1560 cm™ region. For example, similar intermediate
features have been reported at approximately 1536 cm™ on Bi;WOs
surfaces.?® The peak intensity of this intermediate was 40% greater
on SA-Fe-WOs than on its pristine WOs3, indicating that Fe anchoring
enhances the formation of this key intermediate (Fig. 7 (d)). Those
observation is consistent with our DFT calculations and TPD results.
These results collectively demonstrate that anchoring Fe atoms
significantly enhances CO; activation and facilitates the subsequent
formation of key intermediates in the photocatalytic pathway.
To further elucidate the origin of the enhanced photocatalytic
activity in metal-anchored systems, Gibbs free-energy calculations
were conducted on the possible reaction pathways, guided by in-situ
FTIR observations of key intermediates. The detailed results are
summarized in Fig. 8 and Tables S8-S13. Metal anchoring was found
to significantly enhance CO; adsorption to form *CO,, decreasing
AG(*CO3) from 0.16 eV for pristine WO3 to 0.05 eV for SA-Cr-WOs3,
and to negative values for SA-Fe-WOs3 (—0.53 eV) and SA-Ni-WO; (—
0.54 eV), indicating a thermodynamically spontaneous process. This
can be attributed to the stronger localized charge density introduced
by the anchored metals, which effectively promotes CO, adsorption.
In the subsequent protonation step, the formation of *COOH was
identified as the possible rate-determining step (RDS) on pristine
WOs, with a high AG(*COOH) of 1.5 eV. In contrast, all metal-
anchored systems rendered *COOH formation exothermic (AG < 0),
making the reaction thermodynamically favorable. Among them, the
Fe-anchored system exhibited the most pronounced effect, with
AG(*COOH) =-1.73 eV, consistent with the experimentally observed
superior photocatalytic activity. SA-Cr-WO3; and SA-Ni-WOs also
facilitated COOH* formation, with AG(*COOH) of —0.47 eV and —0.55
eV, respectively. These results highlight that the stronger localized
charge density not only enhances CO; adsorption but also stabilizes
the first hydrogenated CO, intermediate. Notably, unlike other
systems, SA-Fe-WOj3 spontaneously cleaved the C-OH bond in COOH*,
forming *CO and *OH. Compared with the subsequent step of
converting *COOH into *CO + H;0, it can be inferred that the ease of
*CO formation follows the order SA-Fe-WO3 > SA-Ni-WO;3; > SA-Cr-
WOs. SA-Ni-WOj3 exhibited a more favorable AG(*CO + H,0) of —0.83
eV compared with SA-Cr-WOs (-0.03 eV), suggesting that the
transformation of *COOH to CO is comparatively less favorable on
SA-Cr-WOs. This explains why the CO, conversion efficiency of SA-Ni-
WOs is higher than that of SA-Cr-WOs.

To further quantify the impact of charge accumulation on
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regulating the adsorption of *COOH, both the adsorption energy and
the associated charge transfer are calculated and summarized in
Table S14. While *COOH adsorption is energetically unfavorable on
pristine WO; with adsorption energy 0.51 eV, the introduction of
single-atom sites dramatically stabilizes the intermediate, with
adsorption energy reaching -1.35 eV and -1.32 eV for SA-Cr-WO3 and
SA-Ni-WOs3, respectively. Structural parameters reveal that the O-C-

(@) «

Journal of Materials Chemistry A

OH bond angle of the adsorbed species on SACs bends.significantly
to 115°, indicating a high degree of activatiof fromOié0méar €ds;
geometry. Furthermore, Bader charge analysis confirms a substantial
electron transfer to the *COOH moiety, reaching 1.62 electrons and
1.49 electrons for SA-Cr-WO3 and SA-Ni-WOs3, respectively, which are

significantly higher than the 0.47 e- observed for pristine WOs.
This localized electron enrichment at the active site, driven by the
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synergistic interaction between the single atom and the WO; support,
effectively weakens the C-OH bond and promotes the COOH
activation.

To further elucidate the prefer product selectivity of CO, *COH
and *CHO are aslo processed because both are critical intermediates
for CH4 formation. the Gibbs free energies (AG) for the formation of
*COH on SA-Cr-WO0s (1.28 eV), SA-Fe-WOs3 (0.65 eV), and SA-Ni-WOs3
(1.04 eV) are significantly higher than those for *CO formation.
Similarly, the AG values for the formation of *CHO on SA-Cr-WOs (-
0.21 eV) and SA-Ni-WOs (0.38 eV) are also higher than the energies
associated with the *CO species. These elevated energy barriers
indicate that the further *CO is
thermodynamically unfavorable on the SA-M-WO3; surfaces. Notably,
on the SA-Fe-WOs catalyst, the CO-H bond in the potential *CHO
intermediates undergoes spontaneous cleavage, which effectively

protonation of adsorbed

terminates the pathway toward the formation of CHa. These findings
suggest that while the localized charge successfully stabilizes the
initial *COOH intermediate, the specific electronic environment of
the single-atom support the subsequent
hydrogenation steps required for CH4 production. Consequently, the

sites does not
catalysts exhibit high selectivity for CO desorption over further
reduction because the energy required to reach CH4 intermediates
significantly higher.

The superior performance of SA-Fe-WOs is attributed to the
maximal electron transfer from Fe to the WO;s; framework, as
evidenced by the most significant shifts in XPS binding energies and
W Ls-edge XANES intensities. Bader charge analysis confirms that
Fe induces the highest localized charge accumulation at neighboring
atoms compared to Cr and Ni, which stems from the optimal balance
between its valence electron count and electronegativity. This
enhanced surface charge localization promotes CO; activation and
significantly stabilizes the key *COOH intermediate by lowering its
formation energy. Collectively, these synergistic electronic factors
lower the overall reaction barrier, leading to the observed threefold
enhancement in photocatalytic CO, reduction efficiency.

Conclusions

In summary, single-atom anchored WO; photocatalysts (SA-Cr-
WO0j3, SA-Fe-WQOs, and SA-Ni-WQ03) were successfully synthesized via
the wet impregnation method, with uniform dispersion of metals
confirmed by EXAFS analysis. The anchored metals induce a re-
distribution of charge density, as supported by experiments (XPS and
XAS) and DFT calculations. We observed that anchored metals
donate electrons to surrounding atoms, leading to localized charge
density accumulation. This resulted in enhanced CO, molecule
chemisorption, as demonstrated by TPD and DFT analyses. Moreover,
Gibbs free-energy calculations and in situ FTIR revealed that *COOH
is the key intermediate, and metal anchoring lowers its activation
barrier, rendering the reaction thermodynamically spontaneous.
Stronger charge-density localization not only enhances CO;
chemisorption but also promotes CO, activation. Consequently,
photocatalytic CO; reduction reaction performance improved three

times with a yield of 12.1 umol g per 4 h (or APQE =0.21%) for CO

This journal is © The Royal Society of Chemistry 20xx

product. These findings illustrate a strong correlation,betwegn
charge density localization, CO, adsorption, 8t EBYaevation sHe
provide valuable insights for designing improved catalyst surfaces.
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