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Photo-thermal-synergistic hydrogenation is a promising strategy for upcycling carbon dioxide into fuels
and chemicals by maximally utilizing full-spectrum solar energy. Herein, by immobilizing Pt—Rh bimetal
onto a well-developed GaN NWs/Si platform, CO, was photo-thermo-catalytically hydrogenated
towards CO under concentrated light illumination without extra energies. The as-designed architecture
demonstrates a considerable CO evolution rate of 11.7 mol gean ™t h™ with a high selectivity of 98.5%
under concentrated light illumination of 5.3 W cm™2, leading to a benchmark turnover frequency of 26
486 mol CO per mol PtRh per hour. It is nearly 2—-3 orders of magnitude higher than that of pure
thermal catalysis under the same temperature by external heating without light. Control experiments,
various spectroscopic characterization methods, and density functional theory calculations are
correlatively conducted to reveal the origin of the remarkable performance as well as the photo-thermal
enhanced mechanism. It is found that the recombination of photogenerated electron—hole pairs is
dramatically inhibited under high temperatures arising from the photothermal effect. More critically, the
synergy between photogenerated carriers arising from ultraviolet light and photoinduced heat arising
from visible- and infrared light enables a sharp reduction of the apparent activation barrier of CO,

hydrogenation from 2.09 downward to 1.18 eV. The evolution pathway of CO, hydrogenation towards
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Accepted 19th April 2024 CO is also disclosed at the molecular level. Furthermore, compared to monometallic Pt, the introduction

of Rh further reduces the desorption energy barrier of *CO by optimizing the electronic properties of Pt,
DOI: 10.1035/d4sc01530d thus enabling the achievement of excellent activity and selectivity. This work provides new insights into

rsc.li/chemical-science CO, hydrogenation by maximally utilizing full-spectrum sunlight via photo-thermal synergy.

green hydrogen can be massively produced from water
splitting."* However, the linear molecular configuration and

Introduction

Recycling carbon dioxide (CO,) backward into fuels and
chemicals via hydrogenation is recognized as a promising
strategy for the achievement of carbon neutrality, especially if
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inert C=0 bond of CO, (~800 kJ mol"),® together with the
complex reaction network, pose tremendous challenges for
efficient and selective CO, hydrogenation.”® To date, consider-
able efforts have been devoted to developing various catalysts
for this objective. Of note, although it is relatively favorable to
produce CO compared to high-order products,® high tempera-
tures, and pressures are often required to overcome the ther-
modynamic and kinetic barriers, which suffer from intensive
thermal input and harsh operation conditions.®** It is thereby
desirable to explore a green pathway for fixing CO,.
Photocatalysis presents a green strategy for CO, hydrogena-
tion by using solar energy as the driving force. As a matter of
fact, pure photocatalysis is usually limited by inefficient light
harvesting since most of the reported photocatalysts can only
respond to ultraviolet and visible photons to produce photoex-
cited carriers."" Infrared light, which accounts for about 53%
of the solar spectrum, often remains underutilized and is often
wasted as heat during photocatalysis. From the viewpoint of
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energy conversion efficiency, it is critical to maximally utilize
the full-spectrum sunlight for CO, hydrogenation.** Most
recently, photo-thermal-synergistic catalysis has emerged as an
appealing approach for breaking the bottleneck of pure
photocatalysis.'>**™"® In particular, photogenerated charges
arising from ultraviolet light and heat arising from visible and
infrared synergistically contribute to CO, hydrogenation.
Despite the grand promise, there has been a lack of suitable
photo-thermal-synergistic multifunctional architectures for
efficient and selective CO, hydrogenation. What is more, the
enhanced mechanism of the photo-thermal-synergistic reaction
remained largely unclear."”” Therefore, it is desirable to ratio-
nally design and construct a multifunctional architecture for
addressing the issues above.

The hybrid of GaN nanowires/Si has demonstrated excep-
tional potential in the field of solar fuel production from CO,
reduction®** and/or water splitting,*** due to the following
distinct optoelectronic and catalytic properties. At first, this
binary semiconductor hybrid is able to harvest a broadband
range of sunlight, and simultaneously produce high-energy
charges with ultraviolet photons and heating the photo-
catalyst through the tremendous photothermal effect of visible-/
infrared-light. Meanwhile, the high structural quality, high
electron mobility, and well-defined one-dimensional (1D)
nanostructure are highly favorable for facilitating the separa-
tion of photogenerated carriers. What is more, the unique
surface with a high area offers a flexible scaffold for loading
cocatalysts to tune the behavior of various chemical species.
Together, the hybrid of GaN nanowires/Si is thus promising for
building a photothermal synergistic catalytic architecture for
CO, hydrogenation. Certainly, the exploration of a rational
cocatalyst is still indispensable.

Platinum (Pt) is widely recognized as a state-of-the-art
hydrogenation cocatalyst because of its excellent properties
for H, activation.?® It is however not a suitable candidate for CO,
hydrogenation toward CO since the strong binding strength
with CO usually poisons the active sites.”” Coupling with
a secondary metal is viable for tuning the CO binding strength
of Pt without compromising the superior properties of
hydrogen activation,” thus promising to achieve efficient and
durable CO, hydrogenation. In this work, rhodium was inte-
grated with platinum to decorate GaN NWs/Si, assembling
a multifunctional architecture (denoted as PtRh/GaN NWs/Si)
for photo-thermal synergistic CO, hydrogenation towards CO.
Profiting from the synergy between photogenerated carriers and
photoinduced heat, PtRh/GaN NWs/Si significantly reduced the
apparent activation energy (E,) of CO, hydrogenation from 2.09
to 1.18 eV. As a result, the architecture shows a considerable CO
evolution rate of 11.7 mol gg. ' h™" with an impressive turn-
over frequency (TOF) of 26486 h™' under concentrated light
irradiation of 5.3 W cm 2. It is nearly 2-3 orders of magnitude
higher than that of 0.032 mol gg.y " h™* with a TOF of 72.3 h™*
for pure thermal catalysis under the same temperature by
external heating without light illumination. Temperature-
dependent photoluminescence spectroscopy measurement,
operando spectroscopic characterizations and density func-
tional theory (DFT) calculations reveal that the remarkable
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photothermal effect significantly inhibited the e /h" recombi-
nation. What is more, PtRh bimetal works in synergy with GaN
efficiently to bend CO, molecule, and meanwhile, Rh species
further optimized the electronic structure of Pt to significantly
reduce the energy barrier of the potential-determining step i.e.
the desorption of *CO from 1.49 to 0.61 eV. It is critical for
achieving superior CO activity and selectivity. This work
provides a multifunctional architecture for maximally utilizing
sunlight for CO, hydrogenation toward CO via photo-thermal

synergy.

Results and discussion

The hybrid of GaN NWs/Si was grown by plasma-assisted
molecular beam epitaxy under nitrogen-rich conditions as re-
ported,***?* followed by the decoration with Pt-Rh bimetal via
a straightforward photo-deposition. The Pt/Rh ratio can be
easily tuned by adjusting the deposition conditions (ESI and
Fig. S1%). As characterized by scanning electron microscopy
(SEM), the epitaxial GaN NWs are vertically arranged on Si
wafer, with an average length and diameter of about 700 nm
and 60 nm, respectively (Fig. 1A). The well-defined one-
dimensional (1D) nanostructures are conducive to the absorp-
tion of light, the reduction of photogenerated carriers' diffusion
distance, and the immobilization of catalytic sites. As seen from
Fig. S2,7 the nanowire surface becomes rough upon modifica-
tion with PtRh bimetal, while the 1D morphology remains
nearly unvaried. High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) characterization
shows that PtRh nanoparticles are randomly distributed on GaN
NWs surface (Fig. 1B), with an average diameter of about 11.1-
12.9 nm (Fig. S31). The lattice spacing of 0.26 nm is attributed to
the (002) plane of GaN (Fig. 1B),* which is well matched with
the X-ray diffraction (XRD) results (Fig. S47), indicating that the
growth direction of GaN NWs is c-axis. The lattice spacing of
0.18 nm and 0.22 nm are assigned to the (002) lattice plane of
metallic Rh (Rh°? and the (111) lattice plane of metallic Pt
(Pt?),34%* respectively (Fig. 1B).3**' Moreover, the energy disper-
sive X-ray spectroscopy (EDS) mapping further confirmed that
PtRh NPs were successfully dispersed on GaN scaffolds
(Fig. 1B). Nevertheless, the diffraction peaks of both Pt and Rh
were not detected in the XRD pattern, which may be due to its
high dispersion and low content (Table S1%). The characteriza-
tion results above suggest the success in assembling the
multifunctional architecture of PtRh/GaN NWs/Si.

To investigate the surface composition and electronic
interaction, X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out (Fig. S5t). Typically, the characteristic
peaks belonging to Ga 3d and N 1s were located at ~20 and
~397 eV, respectively (Fig. S5B and S5Ct).>**° As shown in
Fig. 1C, the HR-XPS spectra of Pt 4f in PtRh/GaN NWs/Si
confirmed the presence of metallic Pt species at 71.7 eV along
with a satellite peak.* The typical peaks of Rh 3d were located at
306.5 and 309.4 eV, respectively (Fig. 1D).>* Of note, it is found
that an obvious shift (0.2 eV) of binding energy in HR-XPS
spectra of Ga 3d and N 1s after the immobilization of PtRh
(Fig. S5B and S5Cft), indicating the redistribution of electron
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(A) A 45°-tilted SEM image of PtRh-decorated GaN NWs/Si. (B) HADDF-STEM and EDS mapping images of PtRh-decorated GaN NWs/Si at

various resolutions. High-resolution XPS of (C) Pt 4f and (D) Rh 3d. (E) Bader charge analysis between PtRh and GaN. The yellow and cyan regions
indicate the gain and loss of electronic charge respectively, with an isosurface of 0.01 e A=, Ga, blue; N, orange; Pt, green; and Rh, purple. (F) PL
spectroscopy of GaN NWs/Si and PtRh/GaN NWs/Si recorded with pulse excitation of 80 MHz at a wavelength of 325 nm. (G) TR-PL spec-
troscopy of GaN NWs/Si and PtRh/GaN NWs/Si by a time-correlated single photon counting technique. (H) CO temperature-programmed

desorption (CO-TPD) spectra of Pt/GaN NWs/Si and PtRh/GaN NWs/Si.

density between GaN and PtRh. Bader charge analysis was
carried out to further confirm the XPS results. As shown in
Fig. 1E, significant charge transfer from PtRh to GaN on the
optimized geometry of PtRh/GaN was observed with a calcu-
lated value of 0.363e. Moreover, the incorporation of Rh results
in a positive shift in the binding energy of Pt (Fig. 1C), indi-
cating a transformation in the electronic structure of Pt. Such
electronic interaction can affect the reaction by offering
electron-transmission channels and tuning the surface chem-
ical behavior upon light illumination, thus catalytically facili-
tating CO, hydrogenation. It will be studied by in situ irradiation
XPS (ISI-XPS) and DFT calculation below. Photoluminescence
(PL) spectra were conducted to investigate the e /h* recombi-
nation of the architecture. As observed from Fig. 1F, the typical
peak intensity of GaN at ~365 nm was sharply lowered after
decorating with PtRh, suggesting an efficient inhibition of the
e /h" recombination.?® Time resolution PL (TRPL) spectra were
employed to further study the charge properties. As shown in
Fig. 1G, the average lifetime of photogenerated carriers (tay) of
GaN decreased from 2.70 ns to 1.92 ns by decorating with PtRh,
suggesting a faster transfer process.**** The above results

7716 | Chem. Sci, 2024, 15, 7714-7724

demonstrate that the electronic properties of the semi-
conductor hybrid can be improved by the incorporation of PtRh
bimetal, which is favorable for light-driven CO, hydrogenation
towards CO. What's more, the desorption of CO on Pt/GaN
NWs/Si and PtRh/GaN NWs/Si was also studied, respectively.
It is found that the CO over PtRh/GaN NWs/Si showed a much
lower desorption temperature of 357 °C compared to Pt/GaN
NWs/Si (Fig. 1H), indicating that the optimization of the elec-
tronic structure of Pt by Rh may have a positive effect on the
desorption of CO. It is critical for the superior activity and
selectivity of light-driven CO, hydrogenation toward CO, which
will be further studied in the subsequent DFT calculations.
Moreover, the adsorption of H, on the Pt or PtRh decorated-GaN
NWs/Si were further studied. As shown in Fig. S6,7 after
coupling with Rh, the adsorption of H, over the architecture was
significantly improved, thus facilitating the subsequent hydro-
genation process.

The performance was evaluated in a homemade sealed
quartz chamber under atmospheric pressure of CO,/H,
mixture. A 300 W Xenon lamp equipped with a quartz lens was
employed as the light source. From the technological and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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economic points of view, sunlight can be concentrated by
a simple and cheap lens, which is beneficial for photo-thermal-
synergetic CO, hydrogenation in practice by improving the
performance and reducing the usage of photocatalyst and land.
The synergistic effect between Pt and Rh was first investigated
(Fig. 2A). Compared to either Pt or Rh, PtRh bimetal shows
a critical improvement in CO evolution rate over GaN surface,
which is up to 0.82 mol ggan~ " h™ " when the ratio of Pt and Rh is
optimized to be around 1: 1. What's more, the loading amount
of PtRh also considerably influenced the activity (Fig. S71). The
CO evolution rate increases with the increasing amount of PtRh,
and reaches 2.02 mol gg, ' h™" at an optimal PtRh amount of
0.11 umol cm ™. However, overloading PtRh led to a significant
decrease in CO activity, which may be attributed to the size
effect and the light-shielding effect caused by the agglomeration
of active sites (Fig. S8t).*

The light-dependent CO activity was measured (Fig. 2B). By
tuning the light intensity from 2.3 to 5.3 W cm™?, the CO
evolution rate exhibits an increasing trend, reaching a bench-
mark value of 11.65 mol gg.y * h™'. Owing to the high atom
utilization efficiency of PtRh, a considerable turnover frequency
(TOF) of 26486 h™" with a CO, conversion rate of 3.7% was
achieved (Fig. 2B, S9, and S10). The performance is nearly 1-2
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orders of magnitude higher than state-of-the-art systems for
light-driven CO, hydrogenation toward CO recorded under
comparable experimental conditions (Table S2t). Considering
the thermal effect that cannot be ignored under concentrated
light irradiation, the surface temperature of the architecture
was measured by an infrared thermograph (Fig. S11t). It is
found that the maximum surface temperature of the architec-
ture (Tpay) at 5.3 W em ™2 is as high as 349.6 °C, validating the
remarkable photo-thermal effect under concentrated light illu-
mination. To decouple the contribution of photocatalysis and
thermocatalysis, the activity of pure thermocatalysis was
measured at set temperatures by external heating, which is
identical to the light-induced temperature. It is discovered that
the photo-induced activity under concentrated light illumina-
tion without external heating is nearly 2-3 orders of magnitude
higher than that of pure thermal catalysis. This finding is
indicative of the critical role of the photoexcited carriers in
superior performance. Further, as calculated by the Arrhenius
equation, the apparent activation energy (E,) of CO, hydroge-
nation over the PtRh/GaN NWs/Si considerably dropped from
2.09 under dark to 1.18 eV upon light irradiation (Fig. 2C). The
dependence of CO evolution rate on wavelength was further
measured at a set temperature of 220 °C by external heating. As
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synergistic catalysis and pure thermocatalysis over PtRh/GaN NWs/Si. (C) The activation energy of CO, hydrogenation toward CO calculated by
Arrhenius plots. (D) CO evolution rate over PtRh/GaN NWs/Si under dark and monochromatic light illumination in different wavelengths. The
reaction temperature under dark and light conditions was set to 220 °C by using an external temperature control system. (E) CO evolution rate
over PtRh/GaN NWs/Si under light illumination in different spectral ranges (full spectra, ultraviolet, visible, and infrared) with/without an external
heating source. The reaction temperature of the external heating source is set to 220 °C. (F) Durability test over PtRh/GaN NWs/Si under 4.3 W
cm~2. Experimental conditions for (B, D, E, and F): wafer surface area, ~0.5 cm™2; density of GaN, 6.1 g cm™~3; PtRh, 0.11 pmol cm~2; volume ratio
of CO,:H, =12:1; pressure, 1 atm.
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seen in Fig. 2D, the architecture showed a CO evolution rate of
1.43 mmol ggan - h™' under 275 nm. In contrast, the activity
recorded at 535 nm was comparable to the pure thermocatalytic
activity. Based on the discussion above, it can be seen that the
photoexcited charges play a decisive role in the superior
performance, and only short-wavelength photons (<365 nm) can
be absorbed to produce high-energetic carriers for significantly
improving CO, hydrogenation. To gain more insights into the
photo-thermal-synergistic effect, a control experiment was
conducted by using an external cooling system. As observed
from Fig. S12,F the CO activity sharply dropped from 2.02 mol
Zgan - h7' to 0.31 mol gg,n ' h™' by alleviating the photoin-
duced thermal effect of the system through external cooling.
The critical role of various photons was further examined. As
shown in Fig. S13,} the visible and near-infrared light showed
a superior photo-thermal effect, leading to the achievement of
higher surface temperature i.e. 149.6 and 163.4 °C, respectively
compared to that recorded under ultraviolet light illumination.
However, without any external heat input, the CO evolution rate
under ultraviolet light remained at 53.2% of that obtained
under full-spectrum light illumination (Fig. 2E). In stark
contrast, the introduction of only visible or near-infrared light
did not show an evident improvement in the activity for the
architecture compared to pure thermal catalysis. Impressively,
once an external heat source was employed for heating the
reaction system (220 °C), the CO activity under ultraviolet light
illumination can be considerably improved to 1.71 mol ggay "
h™*, which is nearly 84.6% of the activity obtained under the full
spectrum. The dependence of CO activity on reaction temper-
ature by external heating under ultraviolet light illumination
was further studied, and it was found that the activity increases
monotonically with the reaction temperature (Fig. S14t). This
finding verified the promotion of the photo-thermal effect on
the reaction under visible- and infrared-light illumination. The
above findings ascertain the synergetic effect between the
photogenerated carriers arising from ultraviolet light and the
photogenerated heat provided by visible and near-infrared light
is critical for the achievement of the superior performance of
CO, hydrogenation over PtRh/GaN NWs/Si. The durability of the
architecture was also measured. A total turnover number (TON)
of 10 600 mol CO per mol PtRh (Fig. 2F). As characterized by
SEM, the collapse of nanowires and the shedding of active sites
may be the main reasons for the activity degradation (Fig. S15
and S167).

Temperature-dependent PL (TD-PL) spectroscopy was
employed for further investigating the photo-thermal-
synergistic effect. As shown in Fig. 3A, the characteristic peak
intensity shows a consecutive decrease as the measured
temperature increased from 50 °C to 450 °C. The internal
quantum efficiency (IQE) was calculated through the integrated
intensity ratio of the PL spectra recorded at 50 °C and 450 °C,*®
respectively, it is found that the IQE at 450 °C is around 3.5
times that at 50 °C. That means the recombination of the
photogenerated electron-hole pairs of GaN can be effectively
inhibited by the photo-thermal effect, allowing more carriers to
participate in the catalytic reaction.*® To study the evolution
path of CO, hydrogenation towards CO over PtRh/GaN NWs/Si,

7718 | Chem. Sci,, 2024, 15, 7714-7724
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operando diffuse reflectance infrared Fourier-transform spec-
troscopy (DRIFT) measurement was conducted. Typically, the
characteristic peaks located at around 2360 cm ™" were assigned
to adsorbed CO, (Fig. 3B).*** Meanwhile, the characteristic
peak of *COOH was observed at 1647 cm™*,*** and the peak
intensity increased with the continuous irradiation of light.
What's more, the peaks located around 2100 cm ™' were asso-
ciated with gas CO or *CO intermediate.*® Herein, it is worth
noting that the DRIFT spectrum of pure thermal catalysis is
similar to that of photo-thermal synergistic catalysis (Fig. S177),
indicating that light illumination did not change the reaction
pathway. The change of the tangent slope of the characteristic
peak belonging to the *COOH intermediate in the operando
DRITFS was calculated to describe the accumulation rate of
*COOH over photocatalyst (Fig. 3C).** The bigger of the slope,
the faster accumulation rate of the *COOH intermediates. As
a sharp contrast, the accumulation rate of *COOH over the
architecture surface under concentrated light illumination is
much faster than that under dark, further validating the
enhanced contribution of photo-thermal synergistic to
improving the reaction. The above results verify the feasibility of
maximally using the full solar spectrum to drive CO, hydroge-
nation by taking advantage of photons at various wavelength
regions (Fig. 3D).

A high proportion of H, in the reactant may lead to the deep
reduction of CO,, while a high proportion of CO, may not be
favorable for the subsequent hydrogenation. Therefore, the
influence of the CO,/H, ratio was also studied. As shown in
Fig. $18,T a CO evolution rate of 0.62 mol gg.n ' h™" was ach-
ieved with a high selectivity of 94.8% when the ratio of CO, : H,
is 1:1. CH, was the major byproduct as detected by gas chro-
matography. By increasing the CO,/H, ratio up to 12/1, the
activity and selectivity of CO were significantly improved,
reaching 7.10 mol gg.n~ ' h™" and 98.5%, respectively. Accord-
ing to our previous work,® the increase of CO selectivity with the
increase of CO,:H, ratio may be assigned to the decrease of
hydrogen coverage on the catalyst surface, which is unfavorable
for the deep hydrogenation of CO,. However, the reduced CO
activity at a higher CO, : H, ratio of 18 : 1 can be attributed to the
insufficient amount of H, for driving the CO, hydrogenation
reaction.

The electronic properties of the architecture affected the
reaction significantly. The in situ irradiated XPS measurement
was thus conducted to monitor the redistribution of photo-
generated electrons at the interface between PtRh and GaN. A
slightly positive shift in the binding energy of Ga 3d and N 1s
was observed (Fig. S191). Conversely, there was an apparent
negative shift in the binding energy of Pt 4f and Rh 3d under
light irradiation (Fig. 4A and B). This result indicates that under
light illumination, photoexcited electrons can facilely transfer
from GaN to PtRh owing to be electronic interaction between
GaN and PtRh as discussed above, which can be further verified
by DFT calculation below. The electron-rich PtRh sites are
favorable for the activation and hydrogenation of CO, mole-
cules. Density functional theory calculations were further per-
formed to better understand the reaction mechanism at the
molecular level. Three representative surface models of GaN

© 2024 The Author(s). Published by the Royal Society of Chemistry
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illumination of 4.3 W cm™2. Ga, blue; N, orange; C, gray; O, red; and H, white. (C) Slope change of the peak intensity of *COOH calculated based
on (B) and Fig. S17.1 (D) Schematic diagram of the synergy effect of photothermal synergistic for promoting CO, hydrogenation over PtRh/GaN

NWs/Si.

(1010), Pt,/GaN, and Pt,Rh,/GaN were first constructed
(Fig. S20%). Local density of state (LDOS) was plotted to analyze
the electron properties of GaN, Pt/GaN, and PtRh/GaN (Fig. 4C).
The pure GaN with a large band gap (3.4 eV) is usually not
conducive to electron transfer in the reaction.*® However, after
decoration with catalytic sites (Pt or PtRh), the metal state
appears near the Fermi level of GaN, making this structure
conductive. More importantly, the strong interaction between
GaN and PtRh forms a new state of Ga and N atoms near the
Fermi level at the interface, which promotes the transfer of
photogenerated electrons from GaN to PtRh for the subsequent
CO, hydrogenation, being well matched with the ISI-XPS char-
acterization above.

The activation of CO, plays a pivotal role in the subsequent
hydrogenation process. In this context, the adsorption charac-
teristics of CO, over various surfaces including GaN (1010), Pt,/
GaN, and Pt,Rh,/GaN were studied (Fig. 4D and S21%).
Comparative analysis revealed significant alterations in the

© 2024 The Author(s). Published by the Royal Society of Chemistry

adsorption geometry of CO, upon interaction with the three
surfaces. Typically, compared to the original linear configura-
tion in the gas phase, obvious CO, bending with C=0 bond
elongation was observed on all three surfaces, with the C atom
attaching to the N atom, while the O atom bonded with the Ga
atom. On bare GaN, the CO, molecule exhibited a bent angle of
130.1° with the suspended C-O bond length of 1.250 A, indi-
cating the unique catalytic properties of GaN for CO, activation
even in the absence of cocatalyst. (Fig. S21t). Upon loading
monometallic Pt, the bond angle of CO, was further deformed
to 127.95°, accompanied by an increase in the suspended C=0
bond length to 1.281 A (Fig. S21t). Coupling with Rh further
elongated the C=0 bond length to 1.292 A (Fig. 4D). These
findings suggest that binary PtRh works in synergy with GaN for
efficient activation of the linear CO, molecule, thus facilitating
the subsequent reactions of CO, hydrogenation. To further
verify the promotion effect of the introduction of Rh species on
the reaction, the Gibbs free energy diagram of the reaction

Chem. Sci., 2024,15, 7714-7724 | 7719
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involving various intermediates on monometallic Pt and PtRh
bimetal decorated-GaN NWs/Si were respectively calculated
(Fig. S22 and S237). As shown in Fig. 4E, compared with PtRh,
the decoration of Pt alone makes the adsorption of CO, mole-
cules on the catalytic interface more energetically favorable.
However, the catalyst showed a higher energy barrier of 1.49 eV
for *CO desorption owing to the strong *CO binding strength of
Pt species. It is thus unfavorable for the formation of CO.
Fortunately, the incorporation of Rh species can weaken the CO
binding strength of Pt, thus enabling a significantly reduced
desorption energy barrier of *CO (0.61 eV). It is well matched
with the CO-TPD results. The spectroscopic and theoretical
investigations together reveal the outstanding activity and
selectivity of PtRh-decorated GaN NWs/Si for CO, hydrogena-
tion toward CO.

Conclusion

In summary, a photo-thermal-synergistic architecture was
explored for CO, hydrogenation by assembling a binary PtRh
cocatalyst with GaN NWs/Si. Under concentrated light illumi-
nation, the synergy between photogenerated carriers and
photoinduced heat enables a sharp reduction of the apparent
energy of CO, hydrogenation from 2.09 downward to 1.18 eV. It
thus results in a considerable CO evolution rate of 11.7 mol
gcan - h™! with a high TOF value of 26486 h™' and a high

7720 | Chem. Sci., 2024, 15, 7714-7724

selectivity of 98.5% without extra energies. Control experi-
ments, various spectroscopic characterizations, and density
functional theory calculations verified the origin of the superior
performance and the enhanced photo-thermal mechanism. The
evolution pathway of CO, hydrogenation towards CO was dis-
closed at the molecular level. This work shows a study of
maximally utilizing the full spectrum of sunlight for CO,
hydrogenation toward CO by photo-thermo-synergistic
catalysis.

Methods
MBE growth of GaN NWs/Si

Pristine GaN NWs were epitaxially grown on a 4-inch silicon
(111) wafer using a plasma-assisted molecular beam epitaxy
(SVTA MBE) system under nitrogen-rich conditions. Initial
processing involved standard high-temperature pre-growth
degassing and nitridation. Subsequently, nanowire growth
ensued at a constant nitrogen flux and a growth temperature of
700 °C. The resulting nanowires exhibit a p-n double-layer
structure. Magnesium (Mg)-doped p-GaN layers were grown
using successive steps of Mg temperatures of 230 °C, 250 °C,
and 270 °C. Remarkably, the nanowires were formed simply by
turning on the Mg flux during continuous growth without any
interruption in growth.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Photodeposition of PtRh bimetal on GaN NWs/Si

The deposition of PtRh bimetal was carried out in a 0.44 L
sealed Pyrex chamber with a quartz lid. The GaN NWs/Si were
fixed at the bottom of the chamber. 60 mL methanol aqueous
solution (volume ratio of CH;OH/H,O = 1/5), and desired
amounts of Pt (PtClg-6H,0, Shanghai Titan Technology Co.,
Ltd) and Rh precursors (NazRhCls, Shanghai Bailingwei
Chemical Technology Co., Ltd) were added into the chamber.
The loading amount and ratios of Pt and Rh were controlled by
adjusting the added volume of the Rh and Pt precursors,
respectively, and the loading amount was quantitatively
measured by the ICP-OES characterization. Then the chamber
was vacuumized and filled with argon, and irradiated with
a 300 W Xe lamp for 30 min. Finally, the wafer is thoroughly
rinsed with distilled water and dried.

Characterization

XRD patterns were performed using a Bruker D8 Advance
diffractometer. ICP-OES measurement was carried out to esti-
mate the amount of PtRh over GaN NWs/Si by an AGILENT ICP-
OES 730. SEM characterization was performed by a Quattro
ESEM (Thermo Fisher). XPS was carried out by employing
ESCALAB 250xi non-monochromatic Al anodes. The data was
corrected using the C 1s peak located at 284.8 eV as the
internal standard. PL and TR-PL spectroscopies were per-
formed by employing an FLS980 (Edinburgh Instruments). TD-
PL spectra were performed using an FLS980 (Edinburgh
Instruments) with Advanced Research Systems (ARS) LT4
series standard continuous flow thermostats. HAADF-STEM
images were captured by a Thermo Fisher Scientific Talos
F200X S/TEM with a Super-X EDS detector and operated at 200
kv. TEM images were obtained by a JEOL 2100F microscope.
TPD characterization was carried out on an Autosorb-iQ-C
chemisorption analyzer (Quantachrome, USA). ISI-XPS was
analyzed by ESCALAB 250xi non-monochromatic Al anodes
with a 300 W Xe lamp as an irradiation source. Operando
DRIFT characterization was performed by a Frontier FT-IR
Spectrometer, PerkinElmer, with an MCT detector and
a 10 cm Demountable Gas Cell. In the process of the DRIFT
measurement, the photocatalysts were fixed in the Gas Cell.
The mixture gas of CO, and H, was injected into the Gas Cell
through a bubbling system. The background spectrum of the
system was recorded when the reaction gas reached adsorp-
tion-desorption equilibrium on the photocatalyst surface.
Subsequently, the Gas Cell was closed by cutting off the
injection of the mixture gas. Then the photocatalyst surface
was illuminated by a 300 W Xenon lamp at a light intensity of
5.3 W cm 2. The DRIFT data was recorded within a certain
period of time.

Performance evaluation

The performance of photocatalytic architecture was evaluated
in a 0.44 L self-made sealed quartz chamber. The photocatalyst
(~0.5 em™?, ~0.25 mg cm ™ ?) was first fixed at the bottom of the
chamber, then the chamber was vacuumed and filled with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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proportionally adjustable atmospheric mixture gas of CO, and
H,. A 300 W Xe lamp with a quartz lens was employed as the
light source to irradiate the chamber for 30 minutes. During the
irradiation process, the temperature over the photocatalyst
surface was recorded by infrared thermography (FOTRFIC 315,
Shanghai Thermal Imaging Technology Co., Ltd). The thermo-
catalytic experiments were conducted in a 0.25 L tube furnace
in the dark. The wavelength-dependence experiments were
carried out in a 0.043 L stainless-steel chamber with a top
sapphire lid, and different monochromatic light illumination
(275 nm and 535 nm) was used as the light source, the system
temperature was controlled at 220 °C by an external heating
module. The light intensities of monochromatic light at wave-
lengths of 275 and 535 nm are determined as 29.8 and 285.1
mW cm™?, respectively. For all wavelength-dependence
measurements, the calculated light irradiation area was deter-
mined to be the area of the photocatalyst (0.25 cm™2), and the
reaction time was controlled at 3600 s. The products were
analyzed using a gas chromatograph (GC-9080, Sun) with
a thermal conductivity detector (TCD). The product evolution
rate, TOF, and TON were calculated according to the following
equations:

Product evolution rate =

Product yield per unit area of catalyst per hour
Mass of catalyst per unit area

(s1)

Mass of catalyst per unit area = L x » x 6.1 gem > x 1 cm~%(S2)

where the L is the length of GaN NWs, and the » is determined
as the fill factor. According to the top-view SEM image of GaN
NWs/Si (Fig. S271), the L was estimated to be ~700 nm, and the
v was about 59.2%. Substituting the density of GaN
(6.1 g cm™?) into the calculation, the photocatalyst mass per
unit area is estimated to be 0.25 mg. The cocatalyst mass of
PtRh was not taken into calculation owing to its tiny content
(<0.01 mg).

CO evolution rate

TOF =
© Content of immobilized PtRh nanoparticles

(83)

Yield of CO

TON = - — -
Content of immobilized PtRh nanoparticles

(54)

Computational methods

DFT* calculations were performed employing the Vienna Ab
Initio Simulation Package (VASP).*** The interaction between
valence electrons and ions was elucidated through the
projector-augmented wave (PAW) methodology.”® Generalized
gradient approximation (GGA)* utilizing the Perdew-Burke-
Ernzerhof (PBE) functional was employed to describe the
exchange correlation in the Kohn-Sham equation.”
Wavefunctions were expanded using a plane-wave basis set
with a kinetic cutoff energy of 450 eV. In slab computations,
a2 x 1 x 1 Monkhorst-Pack k-point grid sampled the Brillouin
Throughout geometry optimization,

zone.* convergence
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criteria for atomic forces and total energies were established at
0.02 eV A~ and 10™* eV, respectively.

Upon experimental observation of the m-plane of GaN, we
constructed a GaN (100) surface using a 4 x 3 supercell
comprising 4 layers to faithfully represent pristine GaN. Addi-
tionally, PtRh/GaN and Pt/GaN configurations were generated
by the deposition of Rh,Pt, and Pt, clusters on GaN (100). The
optimized geometries of PtRh/GaN and Pt/GaN, in both top and
side views, are depicted in Fig. S20.1 To prevent image inter-
ference, a minimum vacuum spacing of 25 A was implemented
along the normal direction to the surface for all slab models and
along all three directions for nanoparticles. Furthermore,
during structural relaxation, the bottom two layers of GaN were
constrained in their bulk positions for all slab models. The
calculation of the Gibbs free energy of adsorption (AG) was
performed using the following formula:

AG = E,q + AZPE — TAS (S5)
where E,q is the adsorption energy defined by:
Ead = Esurface+adsorbate — Lsurface ™ Eadsorbate (56)

AZPE and AS are the changes in zero-point energy and
entropy during adsorption.>**
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