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tion of single-atomic Ti sites on
metal hydroxide for boosting photocatalytic CO2

reduction†

Ning-Yu Huang,‡a Bai Li,‡c Duojie Wu,d Di Chen, a Yu-Tao Zheng,a Bing Shao,a

Wenjuan Wang,a Meng Gu,d Lei Li *c and Qiang Xu *ab

Photocatalytic CO2 reduction is considered a sustainable method to address energy and environmental

issues by converting CO2 into fuels and chemicals, yet the performance is still unsatisfactory. Single

atom catalysts hold promising potential in photocatalysis, but the selection of metal species is still

limited, especially in early transition metals. Herein, inspired by the structure of anatase TiO2, single Ti

sites were successfully incorporated into a metal hydroxide support for the first time via cationic defects,

significantly enhancing the photocatalytic performance by more than 30 times (from 0.26 to 8.09 mmol

g−1 h−1). Based on the theoretical calculation and in situ characterization, the enhancement of

photocatalytic performance can be attributed to the regulation of the electronic structure by the

introduction of atomically dispersed Ti sites, leading to stronger binding with intermediates and

enhanced charge transfer.
Introduction

The overuse of non-renewable fossil fuels has caused excessive
atmospheric CO2 emission, which has become one of the urgent
topics globally.1–6 Photocatalytic CO2 reduction, utilizing
sustainable solar energy to convert CO2 into fuels and chemicals
(e.g., carbon monoxide, formic acid, and methane), is consid-
ered a promising method to address the energy crisis and
environmental issues.7–16 Because of the inertness of CO2

molecules and insufficient utilization of active sites in photo-
catalysts, the current performances for photocatalytic CO2

reduction are far from satisfactory towards practical
applications.17–20 Therefore, developing novel catalysts with
efficient active sites is of great signicance but challenging as
well. Single-atom catalysts (SACs), uniformly dispersing metal
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atoms on appropriate substrates, have shown high catalytic
efficiency and product selectivity towards CO2 reduction
because of their open active sites and unique electronic
properties.21–29 Among reported literature, late transition metals
(e.g., Cu, Co, Pt, Ir, and Pd) have been well-studied as active
metal sites for various catalytic applications.30–33 However, very
few early transition metals (groups 3–7) have been considered
for the construction of SACs, which normally possess variable
oxidation states, strong metal-carrier interaction and electron
transfer efficiency.34 Developing SACs with early transition
metal species can open up new opportunities for the explora-
tion of efficient photocatalysts in CO2 reduction.

Because of its abundance, non-toxicity and unique redox
ability, titanium (Ti) has been widely applied as a component of
many classical photocatalysts (e.g., TiO2, SrTiO3, etc.) for
decades.35–37 Among them, anatase and rutile, as two different
phases of TiO2, have different coordination congurations and
electronic structures, leading to distinct catalytic properties.
Compared to rutile TiO2, the more distorted TiO6 octahedron
and different structural rearrangements in anatase TiO2 can
offer a larger band gap and stronger redox driving force, as well
as higher surface area, more active sites (such as oxygen
vacancies) andmore efficient charge separation, thus exhibiting
better photocatalytic activity.38 Therefore, transplanting the
isolated TiO6 octahedron of anatase TiO2 in suitable supports to
construct SACs can trigger the modication of electronic
structures and enhance the performance in various solar driven
applications.39 For example, Shi and coworkers anchored Ti
single atoms on reduced graphene oxide for tuning the elec-
tronic properties and minimizing the charge resistance,
Chem. Sci., 2025, 16, 1265–1270 | 1265
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resulting in high-performance perovskite solar cells and
encouraging further exploration of Ti-based SACs.40

Although Ti-based semiconductors have been widely studied
in the eld of photocatalysis, there is only one example of Ti
SACs for photocatalytic CO2 reduction, in which the single Ti
site is coordinated by N atoms of graphitic carbon nitride (g-
C3N4).41 Herein, taking advantage of unique electronic proper-
ties, we incorporate single-atomic Ti sites into defective nickel
hydroxide substrates to afford an earth-abundant SAC, signi-
cantly promoting the performance of photocatalytic CO2

reduction to CO (Fig. 1a). Nickel hydroxide (Ni(OH)2), as
a typical transition metal hydroxide, exhibits a two-dimensional
structure and the distorted NiO6 octahedron coordinationmode
similar to anatase TiO2, making it suitable for the construction
of Ti SACs.42–44 By creating cationic defects, Ti atoms tend to
coordinate with dangling O atoms to ll the vacancies and the
single metal sites can be atomically dispersed into Ni(OH)2 with
a high loading amount, which is a feasible method for
preparing SACs.
Results and discussion

According to the previous literature, the metal ions of metal
hydroxides can be dissolved out by coordinating with appro-
priate ligands or solvents, inducing cationic vacancies in the
pristine materials.45 Therefore, treated in a mixed solution of
N,N-dimethylformamide (DMF)/ethanol/H2O, defective Ni(OH)2
(d-Ni(OH)2) was synthesized from Ni(OH)2 nanosheets via
a simple solvothermal method, showing lower peak intensity of
PXRD patterns compared to pristine Ni(OH)2 without additional
compounds (Fig. 1b and S1†). As shown in the scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM) images (Fig. S2 and S3†), d-Ni(OH)2 exhibited sheet-like
Fig. 1 (a) Schematic illustration of the incorporation of single Ti sites on
Atomic resolution HAADF-STEM image of Ti1/Ni(OH)2. The dark spots r
pattern corresponding to Ni(OH)2. (d) HAADF-STEM image of Ti1/Ni(OH

1266 | Chem. Sci., 2025, 16, 1265–1270
morphology like Ni(OH)2 with cavities of 1–2 nm, indicating
the creation of defects aer solvothermal treatment. Moreover,
the dissolved Ni2+ ions in mother liquor were determined by
inductively coupled plasma mass spectrometry (ICP-MS, Table
S1†), in which ca. 0.18% of Ni ions in pristine Ni(OH)2 was
dissolved. Based on the X-ray photoelectron spectroscopy (XPS),
the peaks in the Ni 2p spectrum (Fig. S4†) of d-Ni(OH)2 shied
to higher binding energy compared to pristine Ni(OH)2,
consistent with the result from Ni K-edge X-ray absorption near-
edge structure (XANES) spectra (Fig. S5a†), which can be
assigned to the increased valence state of Ni caused by the
existence of cationic defects. More importantly, the Fourier
transform extended X-ray absorption ne structure (FT-EXAFS)
spectra showed longer Ni–Ni bond length for d-Ni(OH)2
compared to pristine Ni(OH)2 (Fig. S5b†), which was attributed
to the local extension of the neighboring Ni sites due to the
existence of Ni2+-based cationic defects. Furthermore, zeta
potential measurements revealed that compared to positively
charged Ni(OH)2, d-Ni(OH)2 got negatively charged aer sol-
vothermal treatment (Fig. S6†), further suggesting the success-
ful construction of defective Ni(OH)2 as a substrate for
anchoring Ti sites.

With the help of the strong interaction between Ti ions and
dangling oxo species, the Ti1/Ni(OH)2 SACs were prepared via
a simple impregnation strategy by stirring in the solution of
organic Ti salt. The PXRD pattern of Ti1/Ni(OH)2 showed
enhanced intensity compared to d-Ni(OH)2 without additional
peaks of TiO2 or other Ti-related materials (Fig. 1b). Raman
spectra indicated the successful anchoring of Ti sites, showing
obvious peaks at 556 and 664 cm−1 in Ti1/Ni(OH)2 corre-
sponding to the Ti–O bonds (Fig. S7†). The loading content of Ti
in Ti1/Ni(OH)2 was determined to be ca. 2.06 wt% by using ICP-
MS (Table S1†), which is relatively high among the reported
Ni(OH)2. (b) PXRD patterns of Ni(OH)2, d-Ni(OH)2 and Ti1/Ni(OH)2. (c)
epresenting Ti atomic sites were highlighted. The inset shows an FFT
)2 and the corresponding elemental mapping images of O, Ni and Ti.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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SACs. Aer introducing higher-valent Ti ions, the Ni 2p XPS
spectrum of Ti1/Ni(OH)2 shied to higher binding energy
compared to that of d-Ni(OH)2 (Fig. S4†), which can be attrib-
uted to the effect of electron delocalization, leading to a higher
valence state and binding energy for Ni ions. The O 1s XPS
spectra showed an observable shi toward higher binding
energy for d-Ni(OH)2 (531.1 eV) and even further for Ti1/Ni(OH)2
(531.5 eV), which can be ascribed to a synergy effect of oxygen
vacancies and Ti sites. Moreover, according to the electron
paramagnetic resonance (EPR) spectra (Fig. S8†), although
a small amount of oxygen vacancies appeared (peak at g = 2.00)
during the construction of cationic defects in d-Ni(OH)2, the
oxygen vacancies were mostly lled in Ti1/Ni(OH)2 accompanied
by the introduction of Ti species (peak at g= 1.98).46,47 As shown
in the SEM images (Fig. S2†), the sheet-like morphology of
Ni(OH)2 remained unchanged aer modication and no other
Ti particles were formed, further suggesting the atomic
dispersion of Ti species. The uniform distribution of Ti atoms
was conrmed by the energy-dispersive X-ray spectroscopy
(EDS) analysis and elemental mapping (Fig. 1d and S9†),
showing a Ti loading amount of 1.66 wt%, which is consistent
with the ICP-MS result. Because of the lower atomic number of
Ti, the darker spots in the aberration-corrected high-angle
annular dark-eld scanning transmission electron microscopy
(AC-HAADF-STEM) image (yellow circles in Fig. 1c) could be
attributed to the Ti single atoms. More importantly, the
brightness intensity proles along different lines all showed
single spots with lower intensity corresponding to Ti atomic
sites (Fig. S10†), further conrming the presence of Ti single
atoms in Ni(OH)2. To better illustrate the single-atomic nature,
other group 4 metals (Zr and Hf) were also employed to
construct SACs on Ni(OH)2, namely Zr1/Ni(OH)2 and Hf1/
Ni(OH)2. The uniform dispersion of metal sites was conrmed
by PXRD patterns and EDX mapping (Fig. S11–S13†). As shown
Fig. 2 (a) Ti 2p XPS spectrum of Ti1/Ni(OH)2. (b) Ti K-edge XANES spec
absorption energy. (c) Ti K-edge EXAFS spectra of Ti1/Ni(OH)2, TiO2 and T
structural model (inset) of Ti1/Ni(OH)2. (e–g) WT-EXAFS contour plots o

© 2025 The Author(s). Published by the Royal Society of Chemistry
in the HAADF-STEM images (Fig. S12 and S13†), observable
bright spots corresponding to the single-atomic sites in Zr1/
Ni(OH)2 and Hf1/Ni(OH)2 further demonstrated the general
synthesis of early transition metal SACs.

To further investigate the local coordination environment of
the Ti atom, XPS and X-ray absorption spectroscopy (XAS) were
conducted. According to the Ti 2p XPS spectra of Ti1/Ni(OH)2
(Fig. 2a), the characteristic peaks at a binding energy of 458.5
and 464.4 eV were assigned to Ti 2p3/2 and Ti 2p1/2, respectively,
indicating an approximate +4 valence state of Ti ions in Ti1/
Ni(OH)2, which is further determined to be +3.5 by the linear
tting results based on the corresponding XANES spectra
(Fig. 2b and S14†). More importantly, Ti1/Ni(OH)2 displayed
distinct peaks in the pre-edge region of the Ti XANES spectrum
compared to anatase TiO2 (the inset of Fig. 2b), indicating the
absence of anatase TiO2 in this material. Furthermore, the FT-
EXAFS spectra of Ti1/Ni(OH)2 exhibited the main peak located
at ca. 1.56 Å (Fig. 2c), which can be attributed to the Ti–O
scattering path similar to that of TiO2. In the meantime, the
signal of Ti–Ti at ca. 2.52 Å was signicantly lower compared to
that of both TiO2 and Ti foil, further demonstrating the high
dispersion of Ti sites. Based on the EXAFS tting analysis for
Ti1/Ni(OH)2 (Fig. 2d and Table S2†), the coordination number of
Ti atoms in Ti1/Ni(OH)2 was determined to be 5.7, suggesting
that the Ti atom is octahedrally coordinated in place of the Ni
atom. Compared to those of Ti foil and TiO2, the wavelet
transformation (WT) plot of Ti1/Ni(OH)2 showed the WT
maximum at 1.3 Å−1, ascribed to Ti–O bonding, while no
intensity maximum was observed for Ti–Ti (Fig. 2e–g). Overall,
combined with XAS, HAADF-STEM and a series of character-
ization methods, it was demonstrated that the monodisperse Ti
sites were successfully anchored on the defective Ni(OH)2
substrate created by the solvothermal method.
tra of Ti1/Ni(OH)2, TiO2 and Ti foil. The inset highlights the near-edge
i foil and (d) the corresponding EXAFS fitting curve at R-space and the

f Ti foil, TiO2 and Ti1/Ni(OH)2, respectively.

Chem. Sci., 2025, 16, 1265–1270 | 1267
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To evaluate the critical role of single Ti sites, photocatalytic
CO2 reduction experiments were conducted under LED irradi-
ation (l > 410 nm), using 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole (BIH) as a sacricial agent and [Ru(phen)3]
Cl2 (phen = 1,10-phenanthroline) as a photosensitizer. The
gaseous and liquid products evolved in the reaction system were
detected by gas chromatography (GC) and 1H nuclear magnetic
resonance (1H NMR), respectively. Aer light irradiation, CO
and H2 were detected as the main products and no other liquid-
phase product was detected in the catalytic system (Fig. S15 and
S16†). Prior to the detailed evaluation of photocatalytic perfor-
mance, the best performance of Ti1/Ni(OH)2 was optimized by
varying its synthetic conditions, including the amount of Ti
precursor, synthetic time and temperature of d-Ni(OH)2
(Fig. S17†). During 4 h of light irradiation, the amount of CO
and H2 increased linearly with time by using Ti1/Ni(OH)2 as
a catalyst (Fig. 3a), showing a CO production rate of 8.09 mmol
g−1 h−1 with excellent CO selectivity as high as 96.5%, which is
comparable to the reported benchmark performance (Table
S3†). In comparison, the CO production rates of Ni(OH)2 and d-
Ni(OH)2 were 0.80 and 0.26 mmol g−1 h−1, respectively (Fig. 3b).
The photocatalytic activity of Ti1/Ni(OH)2 was more than 30
times higher than that of pristine Ni(OH)2, strongly suggesting
that the introduction of single Ti sites played a signicant role
in promoting the photocatalytic performance. Moreover, Ti1/
Ni(OH)2 greatly outperformed anatase TiO2 or the physical
mixture of Ni(OH)2 and TiO2 (Fig. S18†), further demonstrating
the importance of the synergistic effect in this Ti-metal
hydroxide system.

During the cyclic experiments, Ti1/Ni(OH)2 can maintain
98% of the initial performance aer 5 consecutive runs (Fig. 3c),
indicating its excellent photocatalytic stability, which was also
conrmed by the PXRD patterns, SEM images and ICP-MS
measurements of the sample aer photocatalysis (Fig. S19
and Table S1†). According to the control experiments, only
Fig. 3 (a) CO and H2 production of photocatalytic CO2 reduction
using the catalyst Ti1/Ni(OH)2. (b) Comparison of the gas production
for Ni(OH)2, d-Ni(OH)2 and Ti1/Ni(OH)2. (c) Recycle experiments of Ti1/
Ni(OH)2. (d) Mass spectra of the gaseous products of photocatalytic
CO2 reduction by using 13CO2 as the gas source.

1268 | Chem. Sci., 2025, 16, 1265–1270
a negligible product can be observed in the absence of the
catalyst, the photosensitizer, the sacricial agent, CO2, H2O and
light, indicating the necessity of these conditions for the pho-
tocatalytic process (Fig. S20†). To further conrm the carbon
source, isotope labeling experiments were conducted by using
13CO2 as the feedstock gas. As shown in gas chromatography-
mass spectrometry (GC-MS, Fig. 3d), the signal of 13CO (m/z =
29) was clearly observed, demonstrating that CO was generated
from the CO2 feedstock instead of the photosensitizer, the
sacricial agent or the catalyst itself.

According to the UV-vis spectra (Fig. S21†), aer anchoring
single Ti sites, Ti1/Ni(OH)2 exhibited enhanced light absorption
in the region of 300–400 nm compared to d-Ni(OH)2 and
Ni(OH)2. To better reveal the charge transfer behavior, photo-
luminescence (PL) spectra and electrochemical impedance
spectroscopy (EIS) spectra were measured for Ti1/Ni(OH)2 and
its control samples. Under the excitation at 465 nm, a charac-
teristic emission peak of the excited Ru(phen)3Cl2 can be
observed at ca. 570 nm (Fig. S22†), which can be effectively
quenched by adding either Ni(OH)2, d-Ni(OH)2 or Ti1/Ni(OH)2.
In particular, the PL intensity with Ti1/Ni(OH)2 is signicantly
lower than those with Ni(OH)2 and d-Ni(OH)2, indicating the
most efficient charge transfer process for Ti1/Ni(OH)2.
Furthermore, according to the EIS spectra, Ti1/Ni(OH)2 exhibi-
ted the smallest semicircle in the Nyquist plots (Fig. S23†),
suggesting the lowest charge transfer resistance and more effi-
cient separation of photogenerated charge carriers, which can
well elucidate the best photocatalytic performance for Ti1/
Ni(OH)2.

To gain insight into the enhanced performance of the Ti
single atom in the photocatalytic CO2 reduction, the density
functional theory (DFT) method was employed to calculate the
free-energy proles for CO2 reduction on pristine Ni(OH)2, d-
Ni(OH)2 and Ti1/Ni(OH)2 (Fig. S24†). For both Ni(OH)2 and d-
Ni(OH)2, the rate determining steps (RDSs) were the proton-
ation of the CO2 molecule ðCO*

2 þHþ þ e�/COOH*Þ, with free
energy changes (DG) of 1.97 eV and 1.85 eV, respectively
(Fig. 4a). Anchoring a single Ti site into Ni(OH)2 signicantly
enhances the adsorption of key intermediates
ðCO*

2 and COOH*Þ, as indicated by the shorter vertical distance
upon adsorption (Fig. S25†). In particular, the strong interac-
tion between CO2 and Ti1/Ni(OH)2 leads to a bent adsorption
conguration of CO2 (Fig. S25†), activating C–O bonds and
signicantly lowering the free energy of corresponding reaction
intermediates. Therefore, the RDS for Ti1/Ni(OH)2 was altered to
the dehydration of COOH* (COOH* + H+ + e− / CO* + H2O), of
which the DG remarkably decreased to 0.56 eV, resulting in
increased CO production in photocatalytic CO2 reduction. To
probe the key intermediates and verify the reaction mechanism,
in situ Fourier transform infrared spectroscopy (FTIR)
measurements were conducted using Ti1/Ni(OH)2 as the pho-
tocatalyst (Fig. S26†). Under light irradiation, the peaks at 1542
and 1647 cm−1 corresponding to the key intermediate COOH*

increased with the accumulation of CO3
2− at 1515 cm−1,48,49

while no observable signals can be detected in the dark, indi-
cating the process of photocatalytic CO2 reduction. More criti-
cally, the characteristic peak of CO* at 2073 cm−1 can be clearly
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07257j


Fig. 4 (a) Energy profiles of CO2-to-CO conversion on Ni(OH)2, d-
Ni(OH)2 and Ti1/Ni(OH)2. Insets show the electron density difference
for *CO2 and *COOH adsorption on Ni(OH)2 (blue frame) and Ti1/
Ni(OH)2 (red frame). Yellow and cyan represent electron accumulation
and loss, respectively. (b) Top view and side view for the electron
density difference of Ti1/Ni(OH)2.
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identied,50 demonstrating the altered RDS and the efficient
formation of CO.

Furthermore, we conrmed that the intensied interaction
between Ti1/Ni(OH)2 and intermediates results from the
substantial charge transfers from the catalyst to the adsorbate
(0.815jej for CO*

2 and 0.731jej for COOH*), which were signi-
cantly larger than those observed in Ni(OH)2 (0.013jej for CO*

2

and 0.069jej for COOH*, insets of Fig. 4a). According to the
electron density difference, the introduction of single Ti sites
led to electron donation to the adjacent –OH groups (Fig. 4b and
S27†), thus increasing their electron density and resulting in
amplied charge transfer from the –OH group to the adsor-
bates. Overall, the introduction of single Ti sites in Ti1/Ni(OH)2
effectively regulates the electronic structure and enhances
intermediate adsorption on catalysts, thereby decreasing DG of
the RDS and eventually leading to boosted performance in
photocatalytic CO2 reduction.
Conclusions

In conclusion, through defect engineering, a Ti SAC was
successfully constructed on a metal hydroxide support for the
rst time. By transplanting the TiO6 octahedron unit from
anatase TiO2, the obtained Ti1/Ni(OH)2 exhibited signicantly
enhanced photocatalytic CO2 reduction activity by more than 30
times compared to pristine Ni(OH)2. According to the mecha-
nistic study, the promoted photocatalytic performance can be
© 2025 The Author(s). Published by the Royal Society of Chemistry
attributed to the enhanced affinity to key intermediates and
modied electronic structures brought by isolated Ti sites. This
work has broadened the scope of single-atom catalysts in early
transition metals and provided a useful strategy in photo-
catalyst design and modication with enhanced performance
for CO2 reduction.
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