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We report a noble-metal-free photocatalyst, ultrathin TiO, with
atomic layer thickness, which is a potential catalyst for CO, photo-
reduction. An excellent liquid-product yield of 463.9 pmol gc.e L in
8 h with 98% selectivity to alcohols was achieved, owing to
sufficient surface defects favoring CO, adsorption/activation.

Growing interest has been shown in solar-driven conversion of CO,
and H,0 into high-energy fuels and green chemicals, which presents
a viable approach to simultaneously address global warming and the
energy crisis."” Nevertheless, most photocatalysts developed to date
favor the generation of gaseous products over more valuable liquid
C2 compounds,’ owing to complicated multi-electron/proton trans-
fer processes and high energy barriers during C-C coupling to
generate key *C2 intermediates.”> Therefore, the activation of inert
CO,, stabilization of *CO intermediates, and favorable formation of
*C2 intermediates, should be taken into consideration in the
rational design of highly efficient photocatalysts for CO, reduction
to liquid products.

Titanium dioxide (TiO,) is a classical photocatalyst used exten-
sively, due to its stable physicochemical properties, non-toxicity, low
cost, etc.® However, the poor electron-hole pair separation efficiency
greatly restricts the multi-step proton/electron transfer, limiting the
formation of liquid products.”® An atomically thin two-dimensional
(2D) structure has sparked significant curiosity for CO, conver-
! The regulation of photomaterial thickness is an advanta-
geous approach for producing oxygen vacancies under control,
which can likewise enrich the reactive intermediates, resulting in
low-coordinated atoms on the catalyst surface, which in turn facil-
itates the C-C bond formation during CO, reduction to liquid
products.”™* Considering that the ultrathin materials possess not

sion.
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only rich defects, but also large surface areas, we are aiming for
ultrathin TiO, in this work.

Herein, we present the synthesis of ultrathin TiO, nanosheets by
a solvothermal method." The resulting ultrathin TiO, nanosheets
displayed high CO, adsorption capacity and activation ability, which
was essential to the efficient conversion of CO, into liquid products
without any co-catalyst.

Our synthetic strategy starts with an ethylene glycol solution of
titanium tetrachloride as the precursor, mixed with alcohol/water
before a solvo-/hydro-thermal step (see details in the ESIt). During
the rapid heating of the hydrous-/oxy-chloride precursors, the pre-
cursors were hydrolyzed, causing the spontaneous formation of
ultrathin TiO, nanosheets under the self-generated pressure.'’ The
nanosheets were denoted as UT-M, UT-E, and UT-W, with methanol,
ethanol, and distilled water as the added solvents, respectively.

The morphology of the as-synthesized samples was charac-
terized by transmission electron microscopy (TEM). All samples
displayed a wrinkle-like structure and the lateral size is
150-200 nm, with randomly stacked nanosheets with the edges
rolled up (Fig. 1(a)-(c) and Fig. S1, ESIt). DLS also suggested
that the prepared ultrathin TiO, was an irregular film or sheet
(Fig. S2, ESIt). Atomic force microscopy (AFM) analysis showed
that the thickness of UT-E, UT-M and UT-W was averaged to be
0.4, 0.9, and 0.7 nm, respectively (Fig. 1(d)-(g)). The crystalline
structure of the samples was determined by X-ray diffraction
(XRD) as shown in Fig. 1(h) and Fig. S3 (ESIf). All the samples
show similar XRD profiles matching well with the metastable
polymorph TiO,(B) (JCPDS card no. 74-1940; space group: C2/m)
without other crystalline phases. TiO,(B) is mainly derived from
layered titanate and its octahedral units are arranged in wavy
sheets that consist of both edge- and corner-shared TiOg
octahedra. Interestingly, a new peak appears at 7.5°, which is
at smaller 26 than the lowest-indexed (001) plane and could be
ascribed to the interlayer distance of the 2D morphology."® The
results of Raman spectroscopy of the samples were in good
agreement with the above statements (Fig. S4, ESIT). Informa-
tion on the porous structures has been acquired by N, physi-
sorption (Fig. S5 and Table S1, ESIt). Apparently, based on the
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Fig.1 TEM and AFM images of (a) and (d) UT-E, (b) and (e) UT-M, and (c) and (f) UT-W; (g) AFM height profiles of various catalysts; and (h) XRD of UT-M
with the peak positions of standard polymorph TiO,(B) shown in red lines as a comparison. Inset: TiO,(B) structure.

above-mentioned characterizations, we have successfully syn-
thesized ultrathin TiO, nanosheets with atomic thicknesses.
The photocatalytic CO, reduction performance of the as-
synthesized materials was tested in the presence of water vapor
medium under full-spectrum light irradiation. The liquid pro-
ducts were monitored and analyzed using a GC-FID, as pre-
sented in Fig. 2(a) and Fig. S6 (ESIt). The pristine titanium
dioxide nanosheets of anatase phase and the commercial P25
(physicochemical properties are available in the ESIf), only
produce CO and CH, (Fig. S7, ESIT). In comparison, apart from
these gaseous products, large quantities of CH;OH and
C,H;O0H were generated on the ultrathin TiO, nanosheets,
manifesting the highly active CO, photocatalytic reduction
performance. Impressively, UT-M exhibits the highest photo-
catalytic CO, conversion efficiency among all the TiO,
nanosheet catalysts tested, with a yield of 166.2 and 297.7 pmol
2.t for CH;OH and C,H;OH, respectively. In addition, it also
displayed the highest electron-based selectivity of 76.8%
towards C,HsOH and 98.2% towards all liquid products
(Fig. 2(b)), demonstrating its strong capability of C-C coupling.
Next, a Xe lamp with different filters, including 365 nm, 420 nm

and 450 nm, was also utilized for quantum efficiency trials for UT-M,
showing that 365 nm is the optimal light source, giving 8.7% and
18.3% QE for methanol and ethanol, respectively (Table S2, ESIT).
The distinctive CO, reduction activity and high selectivity towards
C,HsOH and total liquid products are still well maintained after
three-cycle tests of 24 h in total, demonstrating the excellent stability
of the catalyst (Fig. S8, ESIT). A series of control experiments were
performed in the absence of illumination, the catalyst or CO,, and
no liquid products were detected (Fig. S9, ESIT). It still remains
debatable whether the liquid products are from the CO, feed, as
another carbon source was utilized during the catalyst synthesis. To
verify this issue, a "*CQO, isotopic labelling experiment and **C mass
spectrometry of standard methanol/ethanol were carried out. The
results of *C GC-MS showed m/z = 32 and 45 signals, while a signal
at m/z = 31 peak, which was the strongest peak in ">C methanol and
ethanol, was not observed. Combining the long-term experimental
results, m/z = 32 and 45 were assigned to *CH;O and '*CO,.
Therefore, it is demonstrated that the liquid products originate from
the CO, feed instead of possible carbon-containing species on the
catalyst surface (Fig. 2(c) and Fig. S10, ESIT). Compared to the recent
literature results listed in Table S3 (ESI), the UT-M catalyst is among
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Fig. 2 Photocatalytic CO, reduction performance on UT-W, UT-M, and UT-E. (a) Production generation rate. (b) Electron-based selectivity of UT-W,
UT-M, and UT-E. (c) GC-MS spectrum of the **C liquid products from photocatalytic **CO, reduction on UT-M.
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the most active photocatalysts. It is worth mentioning that it has no
noble-metal content at all and reacts without any sacrificial agent.

In order to give more insight into the structural origin of the
excellent catalytic activity, the charge carrier dynamics and the light
utilization were studied. According to the UV-Vis diffuse reflectance
spectra (Fig. S11, ESIT), all the catalysts showed strong adsorption
peaks between 250 and 400 nm, corresponding to the charge
transfer from the valence band (VB) O 2p orbital to the conduction
band (CB) Ti 3d orbital. The band gaps of UT-W, UT-M, and UT-E
were calculated as 3.60, 3.16, and 3.43 eV, respectively. UT-M is able
to migrate more electrons to the CB during reaction, which is
beneficial for CO, reduction to CH3;OH/C,Hs;OH. Furthermore,
the CB potentials of UT-W, UT-M, and UT-E are —2.14, —1.91, and
—2.04 eV, respectively (Fig. S12, ESIT). In addition, photoelectro-
chemical (PEC) analysis showed that UT-M affords the highest
photocurrent density, the smallest semicircle in the Nyquist plots,
and the weakest photoluminescence (with an excitation of 325 nm)
emission peak intensity (Fig. S13 and S14, ESIt), suggesting that the
fast charge carrier dynamics of UT-M is kinetically favored for the
multi-electron reactions of generating liquid products.

To identify the role of surface defects, the catalysts were investi-
gated by XPS, electron spin resonance (ESR), and water contact angle
analysis. The Ti 2p XPS spectra shown in Fig. 3(a) displayed a set of
doublets centered at binding energies (BEs) of 458.2-458.5 and
464.3-464.2 eV, referred to as the spin-orbit splitting of Ti 2ps,
and Ti 2p,,, respectively. These peaks correlated to the characteristic
Ti~O-Ti bond in TiO,."”” Compared to those of UT-W and UT-E, the
Ti 2pz, peak of UT-M shifted to lower binding energy by 0.3 eV and
0.1 eV, while the Ti 2p;,, peak also shifted slightly, suggesting the
formation of a small fraction of Ti cations with lower oxidation state
in UT-M. The lowering of the Ti 2p binding energy should accom-
pany the presence of O, in UT-M and the ESR measurement under
the dark and N, atmospheres revealed that the UT-M sample
displayed the strongest signal of the peak with a g factor of
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Fig. 3 Surface properties of UT-W, UT-M, and UT-E. (a) Ti 2p and (b) O 1s
XPS spectra; (c) EPR spectra of the O vacancy; and (d) in situ ESR signal of
*CO;.
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2.003,'® confirming the highest concentration of oxygen defects on
its surface. The O 1s XPS spectra are deconvoluted into two peaks
assigned to lattice oxygen (labeled as Oy, BE = 530.4 eV) and surface
hydroxyl species (labeled as Oy, BE = 532.1 eV) (Fig. 3(b)). The ratio of
peak areas of Oy to (Op + Oy) (%) indicated that more surface
hydroxyl species were present on the UT-M surface than on the other
two samples. The water contact angle analysis (Fig. S15, ESI{) was
consistent with the XPS analysis, which suggested additional hydro-
xyl groups on the UT-M surface benefiting the generation of liquid
products.

It is worth mentioning that the organic species on the surface of
three ultrathin TiO, catalysts also played a significant role in the
catalytic cycle. As shown by thermogravimetric analysis (TG-DTA)
and infrared (IR) spectroscopy results (Fig. S16 and S17, ESIt),
abundant ethylene glycolate (EG) radicals (21.6-24.1 wt%) cover
the surface of the ultrathin TiO, nanosheets, which is advantageous
for carbon oxygen hydrogenation.'® Once exposed to UV, electrons
were trapped in Ti-3d orbitals, forming Ti*" sites, and holes broke
the Ti-O bonds between glycolate and TiO,, leading to the formation
of -OCH,CH,0"* radicals (Fig. S18, ESIt). Because of the presence of
a-H, -OCH,CH,0O* was unstable and would undergo hydrogen
transfer to give -OCH,-CHOH. We also tested UT-M’s photocatalytic
performance after removing the EG by calcining at different tem-
peratures in air. The results proved that the EG indeed played a role
and also showed that only gaseous CO and CH, were observed in
both the UT-300 and UT-350 samples (Fig. S6 and S19, ESI}). We
have already ruled out the possible product formation directly from
the EG species, evidenced by the isotopic exchange measurements
(Fig. 2(c)). Therefore, it is rationalized that it reduces the recombina-
tion rate of the electron-hole pairs and provides more hydroxyl
species as a proton source.

CO, is chemically inert under ambient conditions, which makes
its adsorption and activation steps crucial for the reduction. The CO,
adsorption measurements suggested that UT-M possesses the high-
est CO, uptake capacity (Fig. S20, ESIT). Additionally, in situ CO,
adsorption diffuse reflectance infrared Fourier transformed spectro-
scopy (DRIFTS) of the three catalysts suggested that the binding of
the CO, reactant was more favorable on UT-M (Fig. S21, ESI}).
Furthermore, the in situ ESR results demonstrated that the UT-M
had the highest DMPO-*CO,  signal where the *CO,~ generation
was the key step in CO, reduction (Fig. 3(d)).

It is clear that the liquid products are all derived from the
CO, feed instead of the EG radicals. The in situ DRIFTS semi-
quantitative analysis was further carried out to gain insights
into the intermediate species and the underlying reaction
mechanism. In the in situ DRIFTS spectra of the three samples
(Fig. S22, ESIY), the three key intermediate species of *COOH,
*OCH3;, and *COCO were all detected, verifying the high con-
sistency of the ultrathin structure. To further clarify the possi-
ble mechanism, we list in Table S4 (ESIf) the relationship
between the product yield of the samples and the IR intensities
of the corresponding key intermediates. Take the example of
*COCO and the corresponding generated C,H;OH. The 64, 0,
and 0; of the C,HsOH yields are 1.23, 2.22 and 1.81, while the
*COCO IR intensities are 1.22, 2.20 and 1.80 (note: 0,4, 0, and 03
represent the ratio of UT-M to UT-E, the ratio of UT-M to UT-W,
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Fig. 4 Proposed mechanism of CO, photoreduction over ultrathin TiO, nanosheets.

and the ratio of UT-E to UT-W, respectively). Therefore, the
semi-quantitative analysis results are good evidence that
C,H;O0H is generated via *COCO. Similarly, it is well demon-
strated that CH;OH and CO are derived from *OCH; and
*COOH, respectively. Based on the in situ DRIFTS semi-
quantitative analysis results, a possible pathway is proposed
in Fig. 4. The surface oxygen vacancies and hydroxyl groups act
as a proton source and are the key factors for CO, reduction.
When CO, diffuses to O,, the reaction for the generation of
CH,/CH30H would undergo a fast-hydrogenation (FH) path.
For the FH path, it is found that surface oxygen vacancies can
greatly lower the barrier of the deoxygenation processes, which
makes it a more active site than the surface Ti.'® The details are
shown in Fig. S23 and Table S5 (ESIf). When CO, was intro-
duced, the O atom in CO, adsorbed on the O, of ultrathin TiO,
and then the adsorbed CO, is reduced to *CO through a *COOH
intermediate. The desorption of some minority *CO results in a
gaseous CO product, while the majority of *CO undergoes
further coupling with another *CO to form *COCO intermedi-
ates on O,-Ti-Oy, sites. Afterwards, under the concerted elec-
tron-proton transfer, the *COCO subsequently undergoes
hydrogenation to form *COCOH. This is followed by a series
of cascading hydrogenations from *COCOH to *CHOHCH,OH,
which ultimately dehydrates to*CH,CH,OH. Meanwhile, the
*CO could also be hydrogenated to *OCHj;, followed by deoxy-
genation to form °*CHj;. Whether the CH;OH or CH, is pro-
duced depends on several factors, such as the hydrophilicity of
the surface and the amount of water in the catalysis.

In summatry, significant productivity has been attained for liquid
products (up to ca. 463.9 umol g~ * in 8 hours). The abundant surface
oxygen defects on the ultrathin TiO, nanosheets act as CO, adsorp-
tion and activation sites. Through the O,-Ti-Oy, unit, CO, can be
selectively coordinated at a favorable reaction center for C-C cou-
pling, thereby facilitating multistep photocatalytic reduction.
Furthermore, the appropriate thickness of the TiO, nanosheets
reduces the charge-transfer resistance and active *C2 intermediates
are further hydrogenated to C,HsOH with the assistance of hydroxyl
protons and electrons. The findings in this study may provide a new
idea for designing and synthesizing noble metal-free photocatalysts
for the generation of multicarbon fuels powered by light.
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