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Abstract

Oxygen vacancies are a key factor determining the efficiency of the CO, hydrogenation
reaction and play a crucial role in CO, adsorption and activation. However, effectively regu-
lating the concentration of oxygen vacancies to enhance the performance of the light-driven
reverse water gas shift (RWGS) reaction remains a challenge. To address this, this study
successfully developed Pt/ TiO; catalysts with varying oxygen vacancy concentrations by
controlling the morphology of TiO,. Structural characterization results indicate that, com-
pared to Pt/ TiO,-NR, Pt/ TiO,-NB exhibits a higher oxygen vacancy (Oy) concentration
and greater CO, absorption. Catalytic performance evaluation results showed that under
an irradiance of 2.5 W/cm?, the CO production rates of the Pt/ TiO,-NB catalyst reached
57.03 mol- gpt’l -h~1. Furthermore, the catalyst maintained excellent catalytic stability dur-
ing 45 h of continuous operation, demonstrating good potential for practical applications.

Keywords: morphology modulation; Pt/ TiO,; light-driven; reverse water gas shift; oxygen
vacancies

1. Introduction

With the rapid depletion of fossil fuels, atmospheric CO, concentrations continue to
rise, triggering global climate change. The catalytic conversion of CO, into high-value
chemicals or fuels is viewed as a dual strategy to mitigate both the energy crisis and the
greenhouse effect [1-3]. However, due to the high bond dissociation energy of the C=O
bond (approximately 750 k] mol~!), high operating temperatures and pressures are typ-
ically required to achieve effective CO, conversion [4-6]. To this end, diverse catalytic
technologies, including electrocatalysis, photocatalysis, and thermocatalysis, have been
extensively explored [7]. Typically, photothermal catalysis has emerged as a transformative
alternative that uniquely integrates solar-driven photochemical charge separation with ther-
mochemical conversion pathways. This synergy enables the reverse water-gas shift (RWGS)
reaction (CO, + H, — CO + H,0, AH = +41.2 kJ-mol~!) to proceed under significantly
milder conditions, circumventing the high external energy input and catalyst deactivation
issues typical of conventional thermocatalysis [8-10]. For this promising technology, the
critical bottleneck is developing catalysts that efficiently couple light harvesting, charge
separation, and surface redox reactions. Among them, TiO,-supported metal catalysts are
at the forefront, but their photothermal RWGS efficiency remains heavily governed by the
concentration of oxygen vacancies.

Surface and interface engineering, particularly the introduction of oxygen vacancies
(Ov), is a cornerstone strategy for enhancing light-driven catalyst performance [11,12]. The
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introduction of Oy not only enhances the adsorption and activation of CO, molecules
but also improves the material’s own photothermal response capability [13,14]. Therefore,
changes in oxygen vacancy concentration significantly influence the overall catalytic per-
formance of light-driven CO, hydrogenation. Among the numerous oxide supports, TiOp
demonstrates unique application potential due to its moderate band structure, chemical
stability, and susceptibility to surface defect formation. These characteristics enable it
not only to accommodate and stabilize oxygen vacancies but also to interact effectively
with photogenerated charge carriers, making it an ideal catalyst for light-driven catalytic
systems [15,16]. However, pure TiO, exhibits significant limitations in Hj dissociation.
This issue can be addressed by loading precious metals, which form Schottky junctions
with the support to facilitate electron transport. Additionally, these metals provide active
sites, thereby enhancing H, dissociation and CO; activation capabilities and inducing
the formation of more oxygen vacancies [17-19]. While extensive efforts have focused
on introducing Oy through heteroatom doping, precious metals loading or constructing
metal-oxide heterojunctions, a question remains largely unexplored: Can the intrinsic mor-
phology of the TiO, support itself be exploited as a design parameter to precisely control
Oy generation?

Based on this, this study prepared TiO; carriers with two morphologies—nanobipyramids
and nanorods—using different synthesis methods, and further loaded them with Pt to con-
struct two catalysts: Pt/TiO,-NB and Pt/ TiO,-NR. This work presents a systematic investi-
gation that directly links TiO, morphology to oxygen vacancy formation and the resulting
light-driven RWGS performance, an aspect that has rarely been explored previously. Unlike
conventional studies that focus solely on Pt particle size or metal-support interactions, our
work reveals that the nanobipyramid structure is more susceptible to Hy reduction, generating
a higher concentration of Oy compared to the nanorods. Structural characterization indicates
that Pt/ TiO,-NB exhibits a higher Oy concentration compared to Pt/TiO,-NR. Catalytic per-
formance evaluation demonstrates that under an irradiance of 2.5 W/cm?, the CO production
rate of Pt/ TiO,-NB reaches 57.03 mol~gpt’1 1, with excellent stability maintained over 45 h
of continuous operation. These findings not only provide a new design strategy for develop-
ing highly efficient photothermal CO, hydrogenation catalysts, but also offer fundamental
insights into morphology-dependent defect engineering in TiO,-based catalytic systems.

2. Results
2.1. Characterization of Pt/TiO, Composite Catalysts

To investigate the structural characteristics of the two catalysts with different mor-
phologies, X-ray diffraction (XRD) analysis was performed to characterize their crystalline
phases, and the results are shown in Figure 1a. The synthesized samples exhibited diffrac-
tion peaks at 25.28°, 37.80°, 48.05°, and 55.06°, corresponding to the (101), (004), (200), and
(211) crystal planes of the TiO, anatase phase (JCPDS No. 21-1272) [20], respectively. No
characteristic peaks attributable to rutile phases were detected, confirming the phase purity
of the synthesized TiO,. Notably, no characteristic peaks of metallic Pt were detected in the
diffraction pattern, suggesting that metallic Pt is highly dispersed on the support surface.
The structural properties of the synthesized samples were investigated via N, adsorption—
desorption measurements, as shown in Figure 1b, Figures S1 and S2 and Table S1. The
surface areas of Pt/TiO,-NB and Pt/TiO,-NR were 110.24 m? g~!, and 109.93 m? g~ !,
respectively. A high specific surface area not only facilitates metal dispersion but also
provides more gas adsorption sites. In particular, for CO, adsorption, a high-surface-area
support can host more basic sites or oxygen vacancies, thereby significantly enhancing the
CO, adsorption capacity.
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Figure 1. (a) XRD patterns of Pt/TiO,-NB and Pt/TiO,-NR. (b) N, adsorption—-desorption isotherms
of Pt/TiO,-NB and Pt/ TiO;-NR. (c) SEM image of Pt/TiO,-NB. (d) SEM image of Pt/TiO>-NR.

Scanning Electron Microscopy (SEM) analysis provides a preliminary view of the over-
all morphology of the Pt/ TiO,-NB and Pt/ TiO,-NR samples. As shown in Figure 1c,d, both
samples consist of nanoparticles with a uniform distribution; no obvious large aggregates
or single crystals were observed, and the samples exhibit the characteristics of nanocrys-
tals [21]. Specifically, the particle size of Pt/ TiO,-NB is approximately 20 nm, while that
of Pt/TiO,-NR ranges between 20 and 30 nm. This highly dispersed, small-sized carrier
helps generate more active sites on the surface, maximizes the exposure of active sites, and
may promote synergistic interactions between the carrier and the active component. Due to
the small size of the samples, Transmission Electron Microscopy (TEM) was employed for
further detailed structural characterization. As shown in Figure 2a, Pt/TiO,-NB exhibits
a nanobipyramids morphology with a lattice fringe spacing of approximately 0.35 nm,
corresponding to the (101) crystal plane of anatase TiO, [22], which is consistent with
the XRD results. As shown in Figure 2b, Pt particles are uniformly dispersed on the TiO,
surface. It is worth noting that due to the crystal extinction behavior of anatase TiO; and the
preferential orientation effect of nanorods, the diffraction peak of the (100) crystal plane is
extremely weak in conventional XRD patterns; therefore, TEM is required to provide more
intuitive evidence. As shown in Figure 2¢,d, Pt/TiO,-NR exhibits a nanorod morphology
with Pt uniformly loaded onto the carrier surface. Clear lattice striations are visible, with
an interplanar spacing of approximately 0.19 nm, corresponding to the (100) crystal plane
of anatase TiO; [23,24]. Combining the SEM and TEM characterization results confirms
that TiO, with different morphologies has been successfully synthesized, and that different
morphologies expose different preferred crystal planes, with metallic Pt uniformly loaded
onto the carrier surface. The Pt particle size distribution analysis (Figure 2e,f) reveals that
the mean diameters of Pt nanoparticles in Pt/TiO,-NB and Pt/TiO,-NR are 1.11 nm and
1.08 nm, respectively, suggesting that the Pt dispersion is essentially comparable across
both samples.

To comprehensively evaluate the reduction performance of different catalysts, Hy
temperature-programmed reduction (H,-TPR) tests were conducted on each sample; the
results are shown in Figure 3a. The TPR curves of all catalysts exhibited two major
reduction peaks. The low-temperature peak at approximately 100 °C can be attributed
to the reduction of surface PtOx species to metallic Pt’. In the high-temperature region,
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both catalysts exhibited a reduction peak attributable to the reduction of Ti** on the
support surface to Ti>*. The reduction temperature of Pt/TiO,-NB in this region was
lower than that of Pt/TiO;-NR, indicating that the former favors the formation of more
oxygen vacancies [25,26], which serve as CO, adsorption sites to enhance the activity of the
light-driven RWGS reaction. Notably, when compared with the bare TiO, support, the high-
temperature reduction peak of Pt/ TiO,-NB is substantially shifted to a lower temperature
(376.8 °C vs. 483.8 °C, Figure S3). This marked decrease suggests that Pt may facilitate
the reduction of TiO,, possibly through promoted H; dissociation and hydrogen spillover.
To further verify the Oy concentration, the Oy of the catalyst was characterized using
Electron Paramagnetic Resonance (EPR), as shown in Figure 3b. Compared to Pt/TiO,-NR,
Pt/ TiO,-NB exhibited a stronger EPR signal at g =2.001 [27]. This indicates that the surface
of Pt/TiO,-NB contains more oxygen vacancies than that of Pt/TiO,-NR, consistent with
the TPR results. Analysis of Oy via X-ray photoelectron spectroscopy (XPS), as shown in
Figure 3¢, revealed that the peak at 529.7 eV corresponds to lattice oxygen (Or), the peak
at 530.5 eV originates from chemically adsorbed oxygen species at Oy, and the peak at
532.0 eV stems from Opy [4,28]. It can be observed that the Oy /Oy, ratio of Pt/TiO,-NB
(0.25) is higher than that of Pt/TiO,-NR (0.20). This indicates a high concentration of Oy
on the Pt/TiO,-NB catalyst. The adsorption of CO; on Pt/TiO,-NB and Pt/ TiO,-NR was
further investigated using CO,-TPD (Figure S4). The adsorption intensity of CO; on the
Pt/TiO,-NB sample was higher than that on the Pt/TiO,-NR sample, following the same
order as the Oy concentration, indicating that a higher Oy concentration promotes CO,
adsorption [29]. Additionally, the XPS spectra of the Ti 2p orbitals were analyzed. As
shown in Figure 3d, the Ti 2p XPS spectrum reveals two pairs of peaks at 458.5 and 464.2 eV,
corresponding to Ti** 2p3/2 and Ti** 2p1 /5 [30], while the other two peaks at 462.8 and
457.4 eV originate from the Tid+ 2p1/2 and Ti3+ 2p3/ states [31], respectively. Both catalysts
exhibit four peaks, indicating that a portion of Ti** has been reduced to Ti**, and the peak
area of Ti®* in the Pt/TiO,-NB sample is larger than that in the Pt/ TiO,-NR sample.
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¥
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/ \
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Figure 2. (a,b) TEM images of Pt/ TiO,-NB (Pt particles are circled in red). (c,d) TEM images of
Pt/TiO,-NR (Pt particles are circled in red). (e,f) Particle size distribution of Pt in Pt/ TiO,-NB and
Pt/TiO,-NR (mean =+ standard deviation).

To investigate the Pt loading content in the catalysts, Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES) analysis was performed on both catalysts. The
data are presented in Table S2, showing that the actual Pt loading in both catalysts is similar.
Since the Pt loading in the two catalysts is similar, X-ray photoelectron spectroscopy (XPS)

https://doi.org/10.3390/catal16070620


https://doi.org/10.3390/catal16070620

Catalysts 2026, 16, 620

50f 15

was used to further determine the state of Pt species in the catalysts and to investigate the
electronic structure of Pt on Pt/TiO,-NB and Pt/TiO,-NR. As shown in Figure 3e, both the
Pt/TiO,-NB and Pt/ TiO,-NR catalysts exhibit three pairs of peaks, corresponding to the
Pt (70.6/73.8 eV), Pt?>* (72.2/75.7 eV), and Pt** (74.8/78.0 eV) species [32,33]. Typically,
Pt0 species originate from Pt clusters or nanoparticles, while Pt?* and Pt** species are
associated with Pt-O-Ti species at the Pt/TiO; interface. The data in the figure show that
both catalysts are dominated by Pt?* species. However, it is worth noting that the peak
area contribution of the Pt** species on the Pt/ TiO,-NB catalyst was 0.81, while that on the
Pt/TiO,-NR catalyst was 0.78, demonstrating that the catalysts do not agglomerate after
high-temperature reduction. Due to the unique structure of the precious metal catalyst,
metallic Pt can further enhance the hydrogen dissociation process. As shown in Figure 3f,
H, temperature-programmed desorption (H,-TPD) tests were conducted using equal
amounts of catalyst. The H,-TPD curve consists of two regions: the low-temperature
desorption peak is assigned to hydrogen species adsorbed on Pt sites (Pt-H), and the high-
temperature desorption peak corresponds to hydrogen species that have migrated to the
TiO, support (spillover H) [33,34]. It can be observed that the high-temperature desorption
peak of Pt/TiO,-NB is higher than that of Pt/TiO,-NR. This result is primarily attributed
to enhanced desorption of spillover H species. This indicates that the Pt/ TiO,-NB catalyst
exhibits a stronger hydrogen spillover effect.

| PUTIO,-NB o,
1 ov
- 396.4°C - - O
= -] =
> d ? |oy:0,=0.25
s 376.8°C & syt
2 ! 2 2 -
£ ; £ £ [PuTio, NR
c c c
0,:0,=0.20

.90 1.95 2.00 2.05 2.10 536 534 532 530 528 526

-

100 200 300 400

Temperature (°C) g-factor Binding energy (eV)
T+ PUTIONB PO  PUTIONB P'=0.11
TP P2 - __ Pt*=0.81

- = PH* " \Pt**=0.08| 3

s o .2

2 2 — 2

a PUTIO,-NR ‘@ PUTIO,-NR Pt’=0.15 [

8 S Pt2*=0.78| 8

£ = /\Pt*=0.07, =

468 466 464 462 460 458 456 82 80 78 76 74 72 70 68 100 200 300 400 500 60O
Binding energy (eV) Binding energy (eV) Temperature (°C)

Figure 3. Characterization of Pt/TiO,-NB and Pt/TiO,-NR: (a) Hp-TPR curves, (b) EPR spectra, (c) O
1S XPS spectra, (d) Ti 2p XPS spectra, (e) Pt 4f XPS spectra, and (f) Hy-TPD curves.

2.2. Bandgap of Pt/TiO, Composite Catalysts

As shown in Figure 4a, the light absorption characteristics of the catalyst were charac-
terized using UV-Vis absorption spectroscopy (UV-Vis) diffuse reflectance spectroscopy.
Compared to Pt/TiO,-NR, Pt/TiO,-NB exhibits a better response to visible light, with
its light absorption range extending from the UV to the visible region, indicating higher
efficiency in utilizing sunlight. The bandgap of Pt/TiO,-NB was calculated using the Tuac
method to be 2.09 eV, which is narrower than that of Pt/ TiO,-NR (2.31 eV). This narrowing
is attributed to the higher concentration of Oy in Pt/TiO,-NB, which introduces defect
states within the TiO, bandgap. The narrowed bandgap facilitates the absorption of visible
light and generation of more photo-generated carriers under visible light irradiation, which
is crucial for achieving highly efficient light-driven catalysis. Furthermore, XPS valence
band (VB) spectra were used to determine the VB positions of Pt/ TiO,-NB and Pt/TiO,-NR.
As shown in Figure 4b, the VB of Pt/TiO,-NB (1.45 eV) is lower than that of Pt/TiO,-NR
(1.74 eV). By combining UV-Vis diffuse reflectance spectroscopy and valence band X-ray
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photoelectron spectroscopy (VB-XPS) data, complete band structure diagrams for the two
samples were plotted, as shown in Figure 4c. The conduction band (CB) potentials of
both catalysts were below the standard thermodynamic potential for CO, reduction to
CO (—0.53 eV), indicating that both possess sufficient reduction driving force to drive the
reduction of CO, to CO. Notably, the conduction band edge of Pt/ TiO,-NB is located at
—0.64 eV, which is 0.07 eV more negative than the —0.57 eV observed for Pt/TiO,-NR. This
negative shift indicates that Pt/ TiO,-NB possesses stronger conduction band reduction
capability, facilitating the transfer of photo-generated electrons to CO, molecules and
thereby significantly enhancing the photocatalytic activity for CO, reduction to CO [1,35].
The changes in the band structure of Pt/ TiO,-NB not only enable the capture of more
visible light but also accelerate electron transfer. Based on scanning Kelvin probe (SKP)
measurements and calculations, as shown in Figure 4d, the surface work functions of
Pt/TiO,-NB and Pt/TiO,-NR are 5.71 eV and 5.76 eV, respectively, indicating that the two
catalysts possess distinct electronic energy level structures on their surfaces, which may
consequently affect the efficiency of photo-generated electron-hole (e”-h*) separation. The
lower work function of Pt/ TiO,-NB ensures that electrons are more readily excited from the
valence band (VB) and transferred to the surface [36]. Furthermore, the results indicate that
the approximate Fermi level of Pt/ TiO,-NB is higher than that of Pt/ TiO,-NR. A higher
Fermi level can enhance the self-induced electric field and surface band bending, thereby
accelerating the transfer of photo-generated electrons to the surface, significantly reducing
e~ -h* recombination, and markedly improving photocatalytic performance [37]. From
the above results, it can be concluded that the higher the efficiency of photo-generated
electron-hole separation, the better the light-driven effect; thus, the catalytic performance
of Pt/TiO,-NB is superior to that of Pt/ TiO,-NR.
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Figure 4. Characterization of Pt/TiO,-NB and Pt/ TiO,-NR: (a) UV-Vis diffuse reflectance spectra
(the corresponding optical bandgap diagrams are shown in the inset), (b) XPS valence band spectra,
(c) band diagrams, and (d) scanning Kelvin probe maps.

2.3. Evaluation of the Light-Driven Performance of a Pt/TiO, Composite Catalyst in the Reverse
Water-Gas Shift Reaction

The light-driven reaction was conducted in a self-built stainless steel continuous-flow
reactor equipped with a quartz window at the top to ensure effective light transmis-
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sion [9,38]. To evaluate the catalytic performance of this catalyst in the light-driven CO,
hydrogenation reaction, the effect of different light intensities on reaction activity was
systematically investigated, and the results are shown in Figure 5a. As the light inten-
sity was gradually increased from 1.60 W/cm? to 3.20 W/cm?, the CO, conversion rate
showed a continuous upward trend, demonstrating a clear dependence on light intensity.
Notably, within the range of light intensities tested, Pt/TiO,-NB consistently exhibited
superior catalytic activity compared to Pt/TiOp-NR and Pt/TiO,-Pys. At a light intensity
of 2.80 W/cm?, the CO, conversion rate of Pt/TiO,-NB reached 33.60%, while those of
Pt/TiO,-NR and Pt/TiO;-P,5 were 26.17% and 22.53%, respectively, further validating the
excellent light-driven CO, hydrogenation performance of Pt/ TiO,-NB. To further evaluate
the intrinsic activity of the catalysts in the light-driven reverse water gas shift (RWGS)
reaction, the apparent activation energy (E,) of Pt/TiO,-NB and Pt/TiO,-NR was calcu-
lated using an Arrhenius plot. The results are shown in Figure 5b. The E, for light-driven
RWGS on the Pt/ TiO,-NB catalyst was 18.08 k] mol~!, which is lower than the E, under
Pt/TiO,-NR catalytic conditions (24.44 k] mol~!). The Pt/ TiO,-NB catalyst exhibits a lower
activation energy barrier for light-driven RWGS, which is conducive to the progression of
the light-driven RWGS reaction. To comprehensively evaluate the catalytic performance
potential of the two catalysts, this study investigated the effect of different gas-phase space
velocities (GHSVs) on the CO, hydrogenation reaction performance under an irradiance
of 2.50 W/cm?. The experimental results are shown in Figure 5c. Under a GHSV as high
as 600,000 mL- g’l -h~1, the CO production rates of Pt/ TiO,-NB and Pt/ TiO,-NR reached
57.03 mol-gp; " '-h~! and 51.98 mol-gp; ! -h~!, respectively. These results indicate that both
catalysts exhibit excellent intrinsic catalytic activity, with Pt/TiO,-NB performing slightly
better than Pt/TiO,-NR.
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Figure 5. (a) CO, conversion rates of the Pt/ TiO,-NB, Pt/TiO,-NR and Pt/ TiO,-Py5 catalysts under
different light intensities. (b) Arrhenius plots of CO production rates for the Pt/TiO,-NB and Pt/TiO,-
NR catalysts under light-driven conditions. (¢) CO production rates of the Pt/TiO,-NB and Pt/TiO,-NR
catalysts at different GHSVs. (d) CO, conversion rates of the Pt/TiO,-NB and Pt/TiO,-NR catalysts at
different effective illuminated areas. (e) Stability testing of the Pt/TiO,-NB catalyst.

The above data fully demonstrate that both catalysts show good potential for indus-
trial applications. Further investigation into the effect of irradiation area on the catalytic
activity of the CO, hydrogenation reaction is shown in Figure 5d. Under a fixed catalyst
loading, when the light intensity was 2.5 W/cm?, increasing the irradiation spot radius
from 9 mm to 18 mm resulted in a significant increase in CO, conversion rates for both

https:/ /doi.org/10.3390/ catal16070620


https://doi.org/10.3390/catal16070620

Catalysts 2026, 16, 620

8 of 15

catalysts. On the Pt/TiO,-NB catalyst, the conversion rate rose from 13.84% to 29.10%,
while on the Pt/TiO,-NR catalyst, it increased from 12.98% to 23.81%. This indicates that
photo-generated electrons play a decisive role in CO; hydrogenation, and their promo-
tional effect far exceeds what can be achieved by thermal catalysis alone. To evaluate the
long-term stability of the Pt/TiO,-NB catalyst in the light-driven reverse water gas shift
reaction, this study conducted a 45 h continuous stability test, with the results shown in
Figure 5e. Under an irradiance of 2.2 W/cm? and a space velocity of 72,000 mL-g~-h~1,
both the CO; conversion rate and CO selectivity of the catalyst remained stable, with no
significant decline observed. The above results indicate that the Pt/TiO,-NB catalyst not
only exhibits excellent RWGS reactivity but also demonstrates good catalytic stability. To
further investigate the structural evolution of the catalyst after long-term reaction, the
post-reaction samples were characterized by SEM, XRD, and XPS (Figures S5-S8). The
SEM images (Figure S5) show that the catalyst retains a uniform nanoparticle morphology,
with no obvious large aggregates observed. The XRD pattern (Figure S6) indicates that the
catalyst remains in the anatase phase, with no changes in the positions or relative intensities
of the diffraction peaks compared to the pre-reaction sample. These results collectively
confirm that the catalyst exhibits good structural integrity and phase stability, with no phase
transformation occurring during the long-term reaction. Surface chemical state analysis of
the post-reaction catalyst was performed using X-ray photoelectron spectroscopy (XPS),
as shown in Figure S7. The O 1S XPS spectrum reveals that the oxygen vacancy-to-lattice
oxygen ratio (Oy/O¢) on the post-reaction catalyst is 0.26, whereas the Oy /Oy, ratio prior
to the reaction was 0.25. This indicates that oxygen vacancies on the catalyst surface are
well preserved even after prolonged reaction, demonstrating the catalyst’s excellent surface
structural stability. As shown in Figure S8 and Table S3, the Pt 4f XPS spectra reveal that
there were no significant changes in the types or concentrations of Pt species before and
after the reaction; Pt?>* remained the predominant species, indicating that this catalyst
exhibits good structural stability and resistance to deactivation.

To investigate the contributions of light-driven and thermal-driven to the activity of
the CO, hydrogenation reaction, photothermal cycling experiments were first conducted
to systematically evaluate the CO, hydrogenation performance of the catalyst in a pho-
tothermal reactor. First, a light-driven reaction was carried out under an irradiance of
2.5 W/cm?, followed immediately by a test under pure thermal conditions at the same
temperature (i.e., the steady-state temperature reached during the light-initiated reaction)
to compare the reaction activity under light-driven and thermal-driven conditions at the
same temperature. The results of two repeated cycles (Figure 6a,b) confirmed the evolution
of the catalyst’s performance. The figures show that the activity of both catalysts reversibly
recovered over the two cycles, and the catalyst structure remained stable. Furthermore, the
light-driven activity of both catalysts was higher than their thermal-driven activity. The
figures also indicate that the activity of the Pt/TiO,-NB sample was higher than that of the
Pt/TiO,-NR sample.

To better distinguish the contributions of light-driven and thermal-driven mechanisms
to the reaction, we further compared the CO; hydrogenation activity under these two
conditions. As shown in Figure 6¢,d, at the same temperature, the light-driven activity
of both catalysts far exceeded their respective thermal-driven activities. On Pt/TiO,-NB,
under an irradiance of 2.50 W/cm? (catalyst surface temperature of 254 °C), the CO,
conversion rate reached 29.10%. In contrast, the CO, conversion rate achieved by heating
at the same temperature was only 2.75%, meaning that the conversion rate under the
light-driven condition was approximately 10.58 times higher than that under the thermal-
driven condition. On Pt/TiO,-NR, under a light intensity of 2.5 W/cm? (catalyst surface
temperature of 296 °C), the CO, conversion rate was 23.81%, whereas the result obtained by
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heating at the same temperature was only 6.24%, meaning that the conversion rate under the
light-driven condition is approximately 3.82 times that under the thermal-driven condition.
These results indicate that the light-driven activity of both catalysts is significantly higher
than their respective thermal-driven activities, suggesting that the photogenerated electron-
hole pairs play a crucial role in CO, hydrogenation. In summary, the Pt/TiO,-NB catalyst
not only maintains long-term stability but also exhibits high selectivity and activity in
the light-driven CO, process. It is suitable for industrial application. A performance

comparison with previously reported catalysts (Figure 6e, Table S4) shows that the Pt/ TiO,-
NB catalyst exhibits superior CO production rates at relatively low light intensities and

catalyst surface temperatures, further demonstrating its exceptional catalytic performance
in the RWGS reaction [1,4,5,38-43].
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Figure 6. (a) Continuous spectra of light-driven and thermal-driven reactions for Pt/ TiO,-NR. (b) Con-
tinuous spectra of light-driven and thermal-driven reactions for Pt/TiO,-NB. (c) CO, conversion rates
of Pt/TiO,-NR under different light intensities and corresponding temperatures (thermal-driven).
(d) CO; conversion rates of Pt/TiO,-NB under different light intensities and corresponding tem-

peratures (thermal-driven). (e) The comparison of the light-driven RWGS reaction performance of
different catalysts reported in the literature.

3. Materials and Methods
3.1. Chemicals

Titanium tetrachloride (TiCly, >99%), platinum (II) chloride hexahydrate (H,PtCls-6H,O),
titanium (IV) hydroxide (Ti(OH)4, >99%), ammonium chloride (NH4Cl, >99%), ammonium
sulfate (NH4)2SO4, >99%), and ammonia water (NH3-H,O) were purchased from Shanghai

Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Ethanol (analytical grade) was
purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). All chemicals and
materials were commercially available and not purified.
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3.2. Methods
3.2.1. Synthesis of TiO, Precursor

At 0°C, 6.6 mL of TiCl4; was added dropwise to 20 mL of HCI (0.43 M). After stirring
for 30 min, the solution was added dropwise to 50 mL of ammonia water (5.5 wt%) at room
temperature. The pH was then adjusted to 6-7 using ammonia water, and the mixture was
stirred for 2 h. The resulting precipitate was filtered and washed repeatedly until no C1~
was detected, yielding Ti(OH),.

Under stirring at room temperature, 2.0 g of Ti(OH)4 and 0.2 g of NH4Cl were dis-
persed in 15 mL of ultrapure water. After thorough mixing, the mixture was transferred to
a 50 mL autoclave, which was maintained at 180 °C for 24 h. The resulting white precipi-
tate was collected and wash repeatedly with pure water and ethanol to obtain TiO,-NB.
Similarly, TiO,-NR was prepared using 0.5 g of (NH4),SOy instead of NH4C], with the
precipitate washed in the same way.

3.2.2. Synthesis of Pt/TiO,-NB and Pt/TiO,-NR Catalysts

H,PtClg-6H,O was used as the Pt precursor. TiO; (1.0 g) and ultrapure H,O (50 mL)
were added together to a three-neck flask and mixed under stirring at 60 °C for 15 min.
An appropriate amount of NHj3 (aq) was added to adjust the pH to 7-7.5, and the mixture
was stirred at 60 °C for 1 h. The solid was then filtered, washed several times with H,O,
vacuum-dried at 60 °C for 12 h, and calcined at 400 °C in ambient air for 2 h. The resulting
samples were placed in a tube furnace and heated to 400 °C at a heating rate of 5 °C per
minute in a mixed Hy /N atmosphere with a flow rate of 35 mL min~!; they were then
held at this temperature for 2 h for reduction. After reduction, the samples were designated
Pt/TiO,-NB and Pt/ TiO,-NR.

3.3. Characterization

Scanning Electron Microscopy (SEM) was performed using a ZEISS Sigma-500 field-
emission scanning electron microscope (SEM, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) to observe the sample morphology, using a test voltage of 5 kV.

Transmission Electron Microscopy (TEM) was performed using a JEOL-F200 transmis-
sion electron microscope (TEM, JEOL Ltd., Tokyo, Japan) to examine the sample morphol-
ogy and structure, using an acceleration voltage of 200 kV.

X-ray Diffraction (XRD): X-ray diffraction (XRD) analysis was performed on a Bruker
D8 Advance diffractometer (Bruker AXS GmbH, Karlsruhe, Germany), using an angular
range of 20-80°.

Solid-State Electron Paramagnetic Resonance (EPR): The electron paramagnetic reso-
nance (EPR) spectra of the samples were measured using a Bruker EMX plus spectrometer
(Bruker BioSpin Corp., Billerica, MA, USA).

N, adsorption—desorption isotherm analysis: N, adsorption—desorption isotherms
were collected using a TriStar II 3020 fully automated analyzer (Micromeritics Instrument
Corp., Norcross, GA, USA).

UV-Vis absorption spectroscopy (UV-Vis): The UV-Vis absorption range of the materi-
als was determined using a Shimadzu UV-2550 UV-Vis (Shimadzu Corp., Kyoto, Japan)
diffuse reflectance spectrometer.

X-ray Photoelectron Spectroscopy (XPS): XPS is a technique used to characterize the
valence state of elements on a sample’s surface and its electronic structure. In this study, an
ULTRA AXIS DLD photoelectron spectrometer manufactured by Shimadzu Corporation
(Manchester, UK) was used for testing, with Al Ko radiation (hv = 1486.7 eV) serving as
the test source.
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Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES): A Thermo
Scientific iCAP 6300 (Thermo Fisher Scientific, Cambridge, UK) inductively coupled plasma
optical emission spectrometer was used to determine the platinum loading on the catalyst.

Hydrogen Temperature-Programmed Reduction (H,-TPR): The Hp-TPR experiments
in this study were conducted using a PX200 multi-purpose gas adsorption analyzer from
Tianjin Pengxiang (Tianjin, China). After pretreatment, 10 mg of the sample was weighed
and heated to 400 °C at a heating rate of 5 °C/min in a Ny atmosphere (27 mL/min),
followed by reduction at this temperature for 1 h to remove impurities from the catalyst
surface. After pretreatment, the sample was cooled to room temperature, then a N, /H,
gas mixture (H; flow rate: 3 mL/min; N; flow rate: 27 mL/min) was introduced, and the
sample was heated to 600 °C at a rate of 10 °C/min while recording the signal.

For Hydrogen Temperature-Programmed Desorption (Hp-TPD), an equal mass of
sample was taken and first exposed to a N, /H, mixed gas (Hj flow rate: 3 mL/min; Nj
flow rate: 27 mL/min). The sample was first pre-reduced: heated to 400 °C at a rate of
5 °C/min, reduced at this temperature for 1 h, and then allowed to cool naturally to room
temperature. Then, the atmosphere was switched to an H, atmosphere (H; flow rate:
30 mL/min), which flowed for 1 h to allow the catalyst to adsorb H; to saturation. Next, the
gas flow was switched to pure N; at the same flow rate of 30 mL/min and purged at room
temperature for 30 min to remove any H; adsorbed on the sample surface. The catalyst
surface was irradiated with a light source for 30 min. After cooling to room temperature,
the sample was heated to 700 °C at a rate of 10 °C/min while recording the signal using
the TCD.

For Carbon Dioxide Temperature-Programmed Desorption (CO,-TPD) analysis, an
equal mass of sample was taken and first exposed to a mixture of Ny /H; gas (H; flow
rate: 3 mL/min; N flow rate: 27 mL/min). The sample was first pre-reduced: heated to
400 °C at a rate of 5 °C/min, reduced at this temperature for 1 h, and then allowed to cool
naturally to room temperature. Then, the atmosphere was switched to an CO; atmosphere
(CO, flow rate: 30 mL/min), which flowed for 1 h to allow the catalyst to adsorb CO, to
saturation. Next, the gas flow was switched to pure N, at the same flow rate of 30 mL/min
and purged at room temperature for 30 min to remove any CO; adsorbed on the sample
surface. The catalyst surface was irradiated with a light source for 30 min. After cooling to
room temperature, the sample was heated to 700 °C at a rate of 10 °C/min while recording
the signal using the TCD.

Scanning Kelvin Probe (SKP) Analysis: SKP analysis was performed using a Scottish-
manufactured SKP5050 system (KP Technology Ltd., Wick, UK) in ambient air at atmo-
spheric pressure, with a gold electrode serving as the reference electrode.

3.4. Catalytic Performance Evaluation

CO, hydrogenation activity was evaluated in a continuous-flow reactor with a circular
quartz window (Shinsco Instrument Co., Ltd., Beijing, China) at atmospheric pressure. The
light-driven reaction was conducted in a self-built stainless steel continuous-flow reactor
equipped with a quartz window at the top to ensure effective light transmission. Initially,
40 mg of catalyst was uniformly coated onto a glass fiber sheet with a diameter of 18 mm.
The catalyst-loaded glass fiber was then placed into the stainless-steel reactor, and a reaction
gas containing CO; + Hj (1:3) was introduced (48 mL/min). After 30 min, a full spectrum
300 W Xe lamp equipped with a collecting lens served as the light source to illuminate
the catalyst through a quartz window on the top of the catalyst. The light intensity on the
catalyst surface was measured using an optical power meter and the temperature of the
catalyst surface was monitored using a thermocouple. The temperature of the reaction
chamber was monitored using an inserted thermocouple (Figure S9). After stabilizing for
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30 min, the exhaust gas was analyzed using an online gas chromatograph (Techcomp Scion
456C, Scion Instruments, Shanghai, China) equipped with a thermal conductivity detector
(TCD) and a flame ionization detector (FID), with Hj as the carrier gas. To prevent loss
of the product, H,O, due to water vapor condensation (which could affect measurement
accuracy), the entire exhaust line was heated to 120 °C. CO and CO; were quantified using
the TCD, while hydrocarbons (CH4 and C,—Cs) were detected using the FID. To ensure
analytical accuracy, external standard calibration was performed before each experiment,
and all gas concentrations were determined accordingly.

The CO, conversion, and the selectivity and production rate of CO at different
gas hourly space velocities (GHSVs, 4.8-60 (x 10%) mL gt~ -h™1) and light intensities
(1.60-3.20 W /cm?) were calculated according to the following equations:

COyl.. — [CO
CO, conversion (%) = [CO2]in — [COs]ou x100% (1)
[COZ]in
CcO
CO selectivity (%) = (Ol x100% (2)
[Co]out + [CH4]out+ [CXHY] out
. -11,-1)\ _ [Co]out
Rate CO (mol gp 1h ) B o T 3)

where [CO;];;, and [CO,]ou represent the contents of CO, in the inlet gas and outlet gas,
respectively. [COloyt, [CHylout, and [CxHylout represent the contents of CO, CHy and
hydrocarbons in the outlet gas. Ny is the Avogadro constant, m is the catalyst loading
mass, Lp; is the mass fraction of Pt in the catalysts and h is the reaction time.

4. Conclusions

In summary, this study successfully synthesized Pt/TiO, catalysts with varying Oy
concentrations by controlling the morphology of TiO,, and systematically investigated the
role of Oy in the light-driven reverse water-gas shift reaction. The results indicate that Oy
concentration is a key factor determining catalyst performance. Structural characterization
reveals that, compared to Pt/TiO,-NR, Pt/TiO,-NB is more conducive to H, reduction,
resulting in a higher Oy concentration. Catalytic performance evaluation results show that
under an irradiance of 2.5 W/cm? and a space velocity of 600,000 mL-g’l-h’l, the CO
production rates of the Pt/ TiO,-NB catalyst reached 57.03 mol-gp; ~!-h~!. Furthermore,
the catalyst maintained excellent catalytic stability during continuous operation for 45 h,
demonstrating good potential for practical application.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal16070620/s1, Figure S1: BJH pore size distribution curve of
Pt/TiO,-NB; Figure S2: BJH pore size distribution curve of Pt/ TiO,-NR; Figure S3. Hy-TPR Curves for
Pt/TiO,-NB and TiO,; Figure S4: CO,-TPD Curves for Pt/TiO,-NB and Pt/TiO,-NR; Figure S5: SEM
images of Pt/ TiO,-NB after the light-driven RWGS reaction; Figure S6: XRD pattern of Pt/TiO,-NB
after the light-driven RWGS reaction; Figure S7: O 1S XPS spectrum of the Pt/ TiO,-NB catalyst
after the light-driven RWGS reaction; Figure S8: Pt 4f XPS spectrum of the Pt/TiO,—NB catalyst
following the light-driven RWGS reaction; Figure S9: Photo diagram of a light-driven reaction setup:
(a) illumination mode; (b) catalyst loading method in the reaction cell; Table S1: Parameters Related
to N Adsorption and Desorption for Pt/ TiO,-NB and Pt/TiO;-NR; Table S2: ICP-OES Results for
Pt/TiO,-NB and Pt/TiO,-NR; Table S3. Pt valence states and content in Pt/ TiO,-NB and RWGS-
Pt/TiO,-NB as determined by XPS; Table S4. Performance Comparison of Photothermal Catalysts.
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