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ABSTRACT

Light-driven dry reforming of methane toward syngas presents a proper solution for alleviating climate
change and for the sustainable supply of transportation fuels and chemicals. Herein, Rh/InGaN;_,Oy
nanowires supported by silicon wafer are explored as an ideal platform for loading Rh nanoparticles, thus
assembling a new nanoarchitecture for this grand topic. In combination with the remarkable photo-
thermal synergy, the O atoms in Rh/InGaN;_,O, can significantly lower the apparent activation energy
of dry reforming of methane from 2.96 eV downward to 1.70 eV. The as-designed Rh/InGaN;_,O, NWs
nanoarchitecture thus demonstrates a measurable syngas evolution rate of 180.9 mmol gt h™' with a
marked selectivity of 96.3% under concentrated light illumination of 6 W cm~2. What is more, a high
turnover number (TON) of 4182 mol syngas per mole Rh has been realized after six reuse cycles without
obvious activity degradation. The correlative '80 isotope labeling experiments, in-situ irradiated X-ray
photoelectron spectroscopy (ISI-XPS) and in-situ diffuse reflectance Fourier transform infrared spec-
troscopy characterizations, as well as density functional theory calculations reveal that under light illu-
mination, Rh/InGaN;_,O, NWs facilitate releasing *CHs and H* from CH4 by holes, followed by H,
evolution from H* reduction with electrons. Subsequently, the O atoms in Rh/InGaN;_,Oy can directly
participate in CO generation by reacting with the *C species from CH4 dehydrogenation and contributes
to the coke elimination, in concurrent formation of O vacancies. The resultant O vacancies are then
replenished by CO,, showing an ideal chemical loop. This work presents a green strategy for syngas pro-
duction via light-driven dry reforming of methane.

© 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

805 and 440 k] mol~! to break the C=0 and C-H bonds, respectively
[8,9]. Extensive thermal energy is often required to achieve consid-

Considering the devastating impact of climate change, how to
properly handle the two greenhouse gases such as carbon dioxide
(CO,) and methane (CH4) has become one of the most critical
issues in the twenty-first century [1-3]. Meanwhile, the depleting
of crude oil poses a tremendous threat to the sustainable supply of
transportation fuels and value-added chemicals [4]. Conversion of
both CH4 and CO, into syngas, namely dry reforming of methane
(DRM), is considered as a proper solution for addressing the issues
above [5-7]. However, CO, and CH,4 are chemically inert, requiring
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erable reaction rates under high temperature (~700 °C) [10,11].
The pursuit of a green DRM route is highly desirable.
Photocatalysis presents a green means for driving chemical
reactions under ambient conditions using solar energy. Over the
past years, tremendous efforts have been devoted to exploring a
range of photocatalysts for DRM [12-15]. Among the reported pho-
tocatalysts, metal oxides e.g., TiO,, CeO,, ZnO and MgO are exten-
sively studied due to their low cost, chemical stability, and non-
toxic feature [16-19]. However, even state-of-the-art photocata-
lysts are frequently limited by low activity. It is attributed to low
photon absorption, severe e /h* recombination, and sluggish reac-
tion kinetics arising from the inert nature of both CH, and CO,.
Thus far, there has been no virtual success in syngas production
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from light-driven DRM. Meanwhile, the photocatalysts are vulner-
ably deactivated owing to the accumulation of *C species from CHy4
dehydrogenation (CH; — C + 2H;) and CO disproportionation
(2CO - C + CO,) on the surface [20-24]. What is more, the reaction
mechanism of light-driven DRM has remained largely unknown. It
is thus imperative to address the critical issues above.

InGaN nanowires (NWs) vertically aligned on a silicon wafer
(InGaN NWs/Si), have emerged as a next-generation semiconduc-
tor platform for solar-to-fuels conversion because of the excep-
tional optoelectronic and catalytic properties [25-27]|. Over
recent years, a number of advances on solar fuels generation from
water splitting and CO, reduction have been made by using InGaN
NWs/Si [28-31]. From the viewpoint of catalysis, the unique N-rich
surface of InGaN NWs is efficient for activating the inert CO, mole-
cule according to the previous reports [29], especially if work in
synergy with appropriate cocatalysts. Besides, Rh nanoparticles
(NPs) are usually served as CH,4 activation sites according to its
high catalytic activity and outstanding stability. However, to our
best knowledge, there has been no endeavors in exploring a photo-
catalytic architecture for light-driven DRM by coupling Rh NPs
with InGaN NWs.

In this study, an interesting Rh/InGaN;_,O, nanoarchitecture
supported by silicon wafer is explored for light-driven DRM toward
syngas. Based on experimental and computational studies, it is
revealed that Rh/InGaN,_,O, enables efficient CH, activation. What
is more, the O atoms in Rh/InGaN;_,Oy are directly involved in CO
generation by reacting with the *C species from CH4 deoxidation
and contribute to the coke elimination, in concurrent formation
of O vacancies (Vo). The formed Vo can be replenished by CO,
through C=0 bond cleavage, further contributing to CO evolution.
It is noted that in the catalytic cycle, the concentrated light enables
sufficient charges generation and high localized temperature of the
catalytic architecture. A chemical loop is thus closed with signifi-
cantly lowered apparent activation energy (E,). As a result, Rh/
InGaN,_,O, nanoarchitecture demonstrates a high syngas evolu-
tion rate of 180.9 mmol gzl h™! with a marked selectivity of
96.3% under light illumination of 6 W cm~2 without other extra
energies. A considerable turnover number (TON) of 4182 mol syn-
gas per mole Rh is achieved over 6 cycles of reuse without obvious
activity degradation. What is more, concentrated light is beneficial
for the reduced usage of photocatalyst, thus showing economic
advantages. Overall, this study presents a promising strategy for
DRM toward syngas with the input of light as the sole energy.

2. Experimental
2.1. Assembly of Rh/InGaN and Rh/InGaN; _,Ox

MBE growth of InGaN NWs onto 4-inch Si wafer. The p-type doped
GaN@InGaN single-band NW heterostructures were grown on Si
substrate by Veeco Gen 930 plasma-assisted molecular beam epi-
taxy. The doping densities of p-type dopant in the p-GaN and p-
InGaN regions were controllably tuned by controlling the Mg cell
temperatures. During the growth, the plasma power was kept at
350 W, and NWs were grown in N-rich growth conditions. In and
Ga beam equivalent pressure (BEPs) were carefully calibrated to
tune the In composition range to cover the wider visible solar spec-
trum. The details of the growth condition can be found in the pre-
vious publication [32].

Immobilization of Rh NPs. The deposition of Rh NPs was carried
out in a sealed Pyrex chamber with a quartz lid through a photo-
deposition process with a 300 W Xenon lamp as the light source.
The wafer-scale InGaN NWs supported by Si were first cut into
small pieces with a geometric surface of 0.2-0.5 cm?. The small
sample was then placed in the bottom of the chamber. Methanol
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(Ar, Sinopharm Chemical Reagent Company, China) aqueous solu-
tion with CH30H of 10 mL and H,O of 50 mL was employed for
photo-deposition. After that, a desired volume of Rh precursor
(Na3RhClg-xH,0, 99.99%, Shanghai Bailing Chemical Company,
China) aqueous solution (concentration of 0.2 mol L~! and the
amount of 3-40 pL) was then added into the chamber, followed
by vacuum to remove the air in the solution. The chamber was
then filled with Ar and irradiated with the xenon lamp at a light
intensity of 2 W cm~2 for 30 min to immobilize Rh NPs on the sur-
face of InGaN NWs. The exact amount of the deposited Ru was
determined by the inductive coupled plasma optical emission
spectrometry (ICP-OES) technique. Rh/InGaN;_xOy NWs were also
fabricated by the same method as mentioned above; and the major
difference was that InGaN;_,0, NWs were obtained by InGaN NWs
annealed under air at various temperature (300-800 °C) with a
heating rate of 3 °C min~"! prior to the deposition of Rh. In this case,
the nitrogen atoms of InGaN can be successfully substituted by
oxygen under high temperature, enabling the achievement of
InGaN;_,0,. The Rh/InGaN;_,'80, NWs were fabricated by anneal-
ing InGaN NWs under '80, atmosphere at 600 °C for 1 h.

2.2. Characterization

A D8 Advance diffractometer (Bruker, Germany) with Cu Ko, at
60 kV and 80 mA was used for X-ray diffraction (XRD) patterns
characterization. X-ray photoelectron spectroscopy (XPS) was
measured by 250xi non-monochromatic (ESCALAB, USA) Al
anodes, and the binding energy was corrected by using C 1s peak
at 284.8 eV as the internal standard. The in situ irradiated XPS
(ISI-XPS) was measured by 250xi non-monochromatic (ESCALAB,
USA) Al anodes equipped with a 300 W Xe lamp as the light source.
ICP measurements were performed using an ICP-OES (730, AGI-
LENT, USA). Photoluminescence (PL) and time-resolved TR-PL spec-
tra were collected by a FLS980 photoluminescence spectroscope
(Edinburgh Instruments, UK). Thermal-gravimetry analysis (TGA)
was tested by an STA 449 F3 Jupiter (NETZSCH, Germany) in the
air. Scanning electron microscopy (SEM) images were obtained
using a Quattro ESEM (ESCALAB, USA). High-angle annular dark
field-scanning transmission electron microscopy (HAADF-STEM)
images were captured by a Thermo Fisher Scientific Talos F200X
S/TEM (ESCALAB, USA), equipped with a Super-X EDS detector
and operated at 200 kV. TEM images were collected using a JEOL
2100F microscope (JEOL, Japan). In situ diffuse reflection infrared
Fourier transform (DRIFT) spectroscopy was carried out using a
Frontier FT-IR Spectrometer (PerkinElmer, USA), which was
equipped with an MCT detector and 10-cm Demountable Gas Cell.
A 315 infrared camera (POTRIC, China) was employed to detect the
surface temperature of catalyst under the irradiation.

2.3. Performance evaluation

The syngas production from light-driven DRM was conducted in
a home-made sealed Pyrex reaction chamber equipped with a
quartz lid with the volume of 440 mL. The catalysts were thor-
oughly washed with deionized water before being fixed at the bot-
tom of the Pyrex chamber, followed by vacuum. The chamber was
then filled with atmospheric Ar. Subsequently, 120 mL Ar gas was
extracted by a syringe, and 60 mL of CH4 and 60 mL of CO, were
injected into the reaction chamber, respectively. The reactions
were carried out under light illumination by a 300 Xe lamp
equipped with a lens and the illumination time was 30 min if
not specifically noted. The optical intensity can be easily modu-
lated by changing the current of the setup. The dark reaction was
measured at an enclosed high-temperature tube furnace (NBD-
HP1200). The tube was firstly filled with Ar after vacuum treat-
ment, then 120 mL of Ar was withdrawn and 60 mL of CH4 and
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CO, were injected into the tube for the subsequent reactions. The
heating rate was set as 3 °C min~'. The gaseous products were
finally analyzed by a gas chromatograph (GC-9080, Sun) equipped
with a flame ionization detector (FID) detector and a thermal con-
ductivity detector (TCD), respectively. Of note, the amount of
InGaN NWs onto silicon wafer was estimated as follows: The cover
factor of the InGaN NWs grown on Si wafer is about 70.3% over a
2.3 cm? piece as estimated by the photoshop software according
to Fig. S1 (online). TheNWs illustrated an average length of
550 nm as measured by SEM technique (Fig. S2 online). The density
of InGaN is about 6.1 g cm~3. The weight of catalyst per unit area
was thus calculated to be 0.235 mg cm~2 without considering
the cocatalysts because of their low content.

The apparent quantum efficiency (AQE) was estimated as Eqgs.
(S7) and (S8) (online) [33], where the n represents the number of
involved electrons, R is the evolution rate of syngas, I is the amount
of incident protons, h is the the Plank constant, and c is the speed of
light. All of the experiments were carried out under monochro-
matic light source which equipped with a quartz lens. The light
intensities (P) of various wavelengths (1) (275, 420, 535, and
730 nm) are 57.8, 315.5, 147.3, and 224.7 mW cm 2, respectively.
The light irradiation area (S) is 0.30 cm?, which is the area of the
Rh/InGaN;_,O, NWs photocatalyst. The external temperature was
controlled at 290 °C by a temperature tunable heating platform.
The irradiation time (T) of the monochromatic light was 3600 s.

2.4. Computational methods

Density functional theory (DFT) calculations were performed
employing the Vienna Ab Initio Simulation Package (VASP)
[34,35]. The interaction between valence electrons and ions were
described by the projector-augmented wave (PAW) method [36].
The exchange correlation of the Kohn-Sham equation was pre-
sented by generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [37,38]. A plane-wave
basic set was used to expand the wavefunctions with the kinetic
cutoff energy set to 500 eV. For the calculations of slabs, a
2 x 2 x 1 Mokhorst-Pack k-point grid was implemented to sample
the Brillouin zone [39]. During the geometry optimization, the con-
vergence criteria for the atomic forces and the total energies were
set to 0.02 eV A~ and 10~ eV, respectively.

As the m-plane of InGaN was observed in experiments, we con-
structed InGaN(100) surface with a 4 x 3 supercell containing 6
layers to represent the pristine InGaN. Besides, Rh/InGaN and Rh/
InGaN,_,O, were created by depositing a small Rh10 cluster of
metal atoms on InGaN(100). The top view, side view of optimized
geometries of Rh10 clusters, InGaN(100), InGaN;_,0,(100), Rh/
InGaN and Rh/InGaN;_,O, are represented in Fig. S1 (online). To
avoid image interaction, a vacuum spacing of at least 15 A was
set along the normal direction to the surface for all slab models
and along all three directions for NPs. Moreover, for all slab mod-
els, the bottom three layers of InGaN were fixed in their bulk posi-
tions during structural relaxation.

3. Results and discussion

3.1. Adsorption behavior of CH; and CO, over Rh/InGaN and Rh/
InGaN;_xOx

The adsorption behavior of both CH4 and CO, plays a vital role in
DRM. First of all, four surface models of Rh10 cluster, InGaN,
InGaN;_,Oy, Rh/InGaN, and Rh/InGaN;_,Oy are built by DFT calcula-
tions (Fig. S3 online). Based on the adsorption configuration and dif-
ferential charge density analysis, it is seen that when CH4 molecule
is adsorbed on the Rh site of Rh/InGaN;_,O, that serves a Lewis acid
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(Fig. S4 online). Moreover, the calculated adsorption energy
(—0.921 eV) is obviously lower than that of —0.36 eV over pristine
Rh/InGaN, suggesting effective interaction between CH, and Rh/
InGaN;_,O, (Fig. 1a, b). It facilitates the C-H bond cleavage of CH,,
thus lowering the activation energy of CH,; dehydrogenation. The
adsorption behavior of CO,, a linear and inert reactant (C=O,
805 k] mol~'), was also studied. The lattice N was identified as the
CO, adsorption sites for both Rh/InGaN and Rh/InGaN;_,O, by serv-
ing as a Lewis base (Table S1 and Fig. S4 online). The adsorption
energy was varied from —1.967 eV over Rh/InGaN to —1.342 eV
Rh/InGaN;_,0y (Fig. 1c, d). Moreover, on basis of charge density dif-
ference analysis, the incorporation of O into InGaN is favorable for
the electron-density accumulation onto the N site, which will be
verified by XPS characterization. Such an electronic variation facili-
tates the reaction by alternating the potential-determining step of
CO, deoxidation, which will be studied in detail.

Temperature-programmed desorption (TPD) measurement was
further conducted to study the adsorption behavior. Typically, the
two peaks at the range of 150-250 and 300-500 °C could be attrib-
uted to the physical and chemical adsorption of CH,, respectively
(Fig. 1e) [40], being consistent with the DFT calculation (Fig. 1a,
b). Compared to Rh/InGaN, Rh/InGaN,_,O, exhibits a similar CHy
desorption temperatures, illustrates that the introduction of O spe-
cies did not change the adsorption strength significantly. However,
an obvious increase of integral area of CH4 desorption was
observed for Rh/InGaN;_,O,, suggesting the increasing adsorption
sites of CH4 molecule. Besides, the peaks at the range of 100-250
and 320-450 °C could be attributed to the CO, desorption
(Fig. 1f) [40]. The negative shift of desorption peak over Rh/
InGaN;_,O, shows a decreased adsorption strength of CO, mole-
cule, which is in good agreement with the DFT calculations
(Fig. 1c, d), confirming that the O atoms in Rh/InGaN;_,O, can suit-
ably weaken the interaction with CO, to participate in the subse-
quent activation reaction. DFT calculations and TPD
characterizations above validate the feasibility of modulating the
adsorption behavior of CH,; and CO, by surface modification of
InGaN, thus accelerating light-driven DRM toward syngas.

3.2. Assembly and characterization of Rh/InGaN;_xOx

The assembly of Rh/InGaN,_,O, is schematically shown in Fig. 2a.
With the use of a 4-inch Si(11 1) wafer as substrate, InGaN NWs were
grown by plasma-assisted molecular beam epitaxy (MBE) under N,-
rich atmosphere based on the reported literature [41]. Herein, the epi-
taxial InGaN NWs are thermally stable owing to the high grown tem-
perature. Meanwhile, the surface of InGaN NWs is predominantly
terminated with nitrogen atoms. It thus offers a suitable platform
for assembling a high-temperature-tolerant photocatalytic architec-
ture. Rh/InGaN;_,O, was then assembled through a combination of
photo-depositing Rh NPs with annealing. As characterized by SEM,
Rh/InGaN;_4O, NWs show an average length of 600-700 nm with
diameter between 70 and 100 nm vertically distributed on Si wafer
(Fig. 2b). The one-dimensional (1-D) morphology of InGaN did not
exhibit a noticeable change after annealing (Fig. S2 online). Based
on the TEM characterization, it was found that Rh NPs were uniformly
distributed on the NW surface (Fig. 2c). HAADF-STEM characteriza-
tion, in combination with the energy-dispersive X-ray spectroscopy
(EDX) elemental mapping images, showed the uniform distribution
of In, Ga, N, Rh and O element (Fig. 2d, e). Moreover, the inter-
planar distances of 0.221 and 0.253 nm are indexed to Rh(111) and
Rh/InGaN;_,0,(002), respectively. It is noted that, as characterized
by electron spin resonance (ESR) spectroscopy, compared to Rh/
InGaN NWs, a typical single-electron-trapped lattice oxygen signal
with a g-factor of 2.003 was detected for Rh/InGaN;_xO, NWs [42],
suggesting the virtual success in substituting N of InGaN with O
(Fig. 2f). By XRD spectroscopy technique (Fig. S5 online), all the sam-
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Fig. 1. Adsorption behavior of CH4 and CO, over Rh/InGaN and Rh/InGaN; ,O,. CH,4 adsorption configuration (top) and charge density difference (bottom) of (a) Rh/
InGaN,; O, and (b) Rh/InGaN. CO, adsorption configuration (top), charge density difference (bottom) of (c¢) Rh/InGaN;_,Oy and (d) Rh/InGaN. (e) TPD spectra of CHy
desorption behavior. (f) TPD spectra of CO, desorption behavior. Ga, green; N, silver; In, purple; Rh, gray; O, red. Regions of yellow and cyan indicate the gain and loss of

electronic charge respectively, with an isosurface of 0.003 e A",

ples tested exhibited typical diffraction peaks of the (002) plane of
InGaN at 20 of 34.14°, suggesting that the c-axis growth direction of
InGaN NWs. The annealing did not affect the crystal structure of
InGaN NWs a lot. Moreover, the characteristic peak of Rh did not
appear in the XRD patterns owing to the low loading content, which
was measured to be 0.04 pmol cm~2 by ICP-OES.

The electron-hole recombination of both InGaN and InGaN;_,0,
can be significantly inhibited by decorating with Rh NPs, as charac-
terized byPL spectroscopy (Fig. S6 online). Differential ultraviolet—
visible-infrared (UV-Vis-IR) spectroscopy measurement illus-
trated that the introduction of O enabled the optical improvement
at the ultraviolet range, which is favorable for generating energetic
charge carriers, thus facilitating the reaction (Fig. S7 online). In
addition, the band gap was estimated to be 2.9 eV (Fig. S8 online),
being well matched with the PL result. Moreover, TRPL illustrated
that the charge lifetime of InGaN;_,O, could be extended by the
incorporation of Rh NPs, thus benefiting the reaction (Fig. 1g).

The surface chemical compositions of Rh/InGaN and Rh/
InGaN; _,O, were studied by XPS (Fig. S9 online). A typical Ga-0O
peak was detected at 24.3 eV in Ga 3d XPS spectra of Rh/InGaN;_-
«Ox (Fig. 2h) [43]. Meanwhile, a negative binding energy shift was
seen for N 1s in Rh/InGaN;_,O, (Fig. 2i). Moreover, the positive
shift of Rh 3d and O 1s were observed for Rh/InGaN; _,O, compared
to Rh/InGaN (Fig. 2j, k) [43]. Therefore, the incorporation of O into
Rh/InGaN facilitated the electron accumulation onto the N site.
Such an electronic variation is of benefit for CO, activation since
the N site is identified as a CO, adsorption site [44].

3.3. Performance of light-driven syngas production from CH, and CO,
over Rh/InGaN;_,O, NWs

The reactions were carried out in a home-made sealed quartz
chamber illuminated by a 300 W xenon lamp equipped with a lens.
At first, as shown in Fig. 3a, Rh/InGaN NWs showed a moderate
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Fig. 2. Assembly and characterization of Rh/InGaN;_,O,. (a) Schematic illustration of the assembly of Rh/InGaN;_4Ox NWs by combining plasma-assisted MBE growth of
InGaN NW and high-temperature calcination, followed by photo-deposition of Rh. Ga, green; N, silver; In, purple, O, red. (b) A 45° tilted-SEM image of Rh/InGaN,_,O, NWs/Si.
(c) TEM image of a single NW of Rh/InGaN; _4O,. (d, e) HAADF-STEM and EDS mapping images of Rh/InGaN; _,O,. (f) ESR spectra of Rh/InGaN; 4O, NWs and Rh/InGaN NWs. (g)
TR-PL spectrum of Rh/InGaN;_4O, NWs and InGaN,_,O,. High-resolution XPS spectra of (h) Ga 3d, (i) N 1s, (j) Rh 3d of Rh/InGaN and Rh/InGaN;_,0, (k) O 1s of InGaN;_,O,

and Rh/InGaN; _,0,.

syngas activity of 9.9 mmol g=t h~' under concentrated light illu-
mination of 5 W cm ™2, suggesting the viability of using InGaN NWs
as scaffold for light-driven DRM. The obtained H,/CO ratio of 0.55
is far away from the stoichiometric ratio of 1:1 (CH4 + CO, = 2CO +
2H,). It is indicative of a low atom utilization efficiency. In sharp
contrast, Rh/InGaN;_,O, nanoarchitecture showed an obvious
enhancement in both syngas activity and H,/CO ratio. Neverthe-

less, the H,/CO ratio is still below 1, which is mainly due to the
undesired reverse water gas shift (RWGS) reaction (CO, + H, =-
CO + H,0) as verified by the spectroscopic characterizations next.
In detail, the activity of syngas increased with the calcination tem-
perature and reached a maximum value of 124.3 mmol gg 'h™!
after 1 h sintering at 600 °C. Correspondingly, the H,/CO ratio
approached to 0.89. Moreover, the syngas evolution over Rh/
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Fig. 3. Performance of light-driven syngas production from CH, and CO, over Rh/InGaN;_,O,. NWs influence of (a) annealing temperature and (b) Rh content on the
performance of Rh/InGaN,_,Oy. (c) Performance comparison between thermal catalytic and light-driven DRM toward syngas over Rh/InGaN; _,O, NWs. (d) Activation energy
of thermal-catalytic and light-driven DRM over Rh/InGaN;_,O, NWs. (e) TON of Rh/InGaN NWs and Rh/InGaN; _,O, NWs under light illumination. (f) DRM performance of Rh
NPs deposited on various substrates. Reaction conditions: Light intensity is 5 W cm~2 for Fig. 3a, b, and 6 W cm ™2 for Fig. 3c, d; the area of photocatalyst is about 0.5 cm?; the
reactor volume is 440 mL; CH4:CO,:Ar = 1:1:2 (volume ratio); atmospheric pressure; reaction time is 30 min.

InGaN;_,O, exhibited a dramatic reduction when the calcination
was operated at temperatures higher than 600 °C. The calcination
time also exerted an evident impact on the performance. As shown
in Fig. S10 (online), when InGaN was annealed at 600 °C for 0.5 h,
the as-prepared Rh/InGaN;_,O, showed a considerable syngas rate
of 180.9 mmol gzt h~'. It is an order magnitude higher than that of
Rh/InGaN and outstrips the activity of most of the previous studies
under the similar reaction conditions (Table S2 online). The results
above unambiguously suggest that Rh/InGaN,_,Oy is superior to
Rh/InGaN for syngas production from CH4 and CO, via DRM under
concentrated light illumination. The syngas activity was then
quantitatively correlated with the calcination by XPS (Fig. S11
and Table S3 online). As expected, the O content of Rh/InGaN;_,O,
was elevated by increasing the annealing temperature and time,
thus limiting the CO, adsorption/activation on N sites (Fig. S2
online). The activity was accordingly reduced. As a key component
of the architecture, the loading of Rh NPs was also optimized
(Fig. 3b). An optimal syngas activity of 123.7 mmol gzt h™! with
a marked selectivity of 96.3% was achieved at a Rh content of
0.057 pmol cm~2 under light illumination of 5 W cm~2. The syngas
evolution rate dramatically declined to 44.4 mmol gz h™! by
increasing the Rh content to 0.074 umol cm™2. As shown in
Fig. S12 (online), the particle size has a slight increase by varying
the amount of Rh precursor from 3 to 40 pL. Therefore, the
decreased activity is primarily associated with the light-shielding
effect caused by the intensive loading of Rh [45].

The activity of Rh/InGaN;_,O, NWs was estimated under vari-
ous conditions. Considering the remarkable thermal effect of con-
centrated light, the surface maximum temperature (Tpyax) of Rh/
InGaN, _,O, supported by silicon wafer under various light intensi-
ties was first recorded by an infrared thermal camera, showing an
increasing trend from 267 °C at 3 W cm~2 light illumination up to
412 °C at 6 W cm~2 (Fig. S13 online). Subsequently, the pure

thermal-catalytic performance was compared with the activity
recorded under concentrated light illumination, in order to investi-
gate the origin of the superior activity. As shown in Fig. 3¢, the syn-
gas evolution rates of Rh/InGaN;_yOx NWs under concentrated
light illumination without external thermal energy far outperform
its pure thermal-catalytic activity under the same temperature. In
particular, for pure thermal-catalysis, the syngas evolution rate of
Rh/InGaN;_,O, is as low as 32.4 mmol g5t h™' at 412 °C (Tmax
recorded at 6 W cm~2), which is 17.9% of the activity recorded at
6 W cm™2. As estimated by Arrhenius equation, the apparent acti-
vation energy (E,) dropped from 2.96 eV downward to 1.7 eV upon
illumination compared to thermal-catalysis (Fig. 3d) [46,47]. To
further decouple the critical role of photon and heat in the
photo-thermal catalytic DRM reaction under concentrated light
illumination. The AQE was evaluated under various monochromic
light illumination equipped with an external heater (Fig. S14
online). It is discovered that the AQE of Rh/InGaN;_yO, NWs
reaches 8.36% when illuminated by a 275 nm monochromatic light
source under 290 °C. However, without varying the chamber tem-
perature, the AQE demonstrated a decreasing trend as the light
wavelength increased. When illuminated by a 730 nm monochro-
mic light, the activity is nearly the same as its pure thermal-
catalysis since the semiconductor can not be excited, as suggested
by the PL measurement. These findings clearly show that photo-
thermal synergy under concentrated light illumination is critical
for the achievement of highly efficient syngas generation from
DRM by providing energetic charge carriers and high localized
temperature.

The durability was further tested (Fig. S15 online). It was found
that there is a slight activity degradation after 6 cycles of operation
over Rh/InGaN; 4O, NWs, indicating an appreciable stability. In
contrast, Rh/InGaN NWs illustrated a dramatic activity degradation
under the same measured conditions. However, as characterized
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by the TEM technique in Fig. S16 (online), after 6 cycles of stability
test, an agglomeration of Rh NPs was indeed observed, which is
associated with the high temperature arising from the concen-
trated light illumination condition, thus leading to the activity
degradation. It is well consistent with the reported study. By XPS
characterization, it was found that the coking rate of Rh/InGaN
NWs was faster than that of Rh/InGaN;_,O, NWs (Fig. S17 online),
which can be due to the eventual CH, dehydrogenation (CH; — C +
2H,) and CO disproportionation (2CO — C + CO,). Therefore, the
partial substitution of N of InGaN with O contributed to a notable
stability by inhibiting coke deposition (Table S4 online), as elabo-
rated next. Consequently, Rh/InGaN;_4O, NWs demonstrated a
TON of 4182 mol syngas per mole Rh after 6 cycles of reuse over
6 h, far exceeding that of Rh/InGaN (Fig. 3e). When Rh NPs were
directly deposited on bare Si and GaN thin film supported by sap-
phire, the syngas activity was much lower than that of both Rh/
InGaN and Rh/InGaN;_,O, (Fig. 3f). This result suggests the critical
role of 1-D InGaN NWs in the success of syngas production via
DRM. In particular, 1-D InGaN NWs supported by silicon wafer
enabled alleviating light scattering, facilitating efficient e~/h* sep-
aration, and efficient active sites exposure, thus maximizing the
activity of light-driven DRM. Control experiments by only feeding
CH,4 or CO, did not show an obvious yield of syngas, validating that
syngas was primarily produced from CH,; and CO, via DRM
(Fig. S18 online).

3.4. Studies of reaction mechanism of light-driven DRM toward syngas
over Rh/InGaN;_,O, NWs

It is vital to reveal the reaction mechanism. Herein, an isotope
labeling experiment was first conducted to uncover the underlying
mechanism of DRM with CO, toward CO/H, over Rh/InGaN;_,O,.
Typically, '80-labelled Rh/InGaN;_,'80, was prepared by anneal-
ing InGaN under '80, atmosphere, followed by the deposition of
Rh NPs. The as-prepared Rh/InGaN;_,'%0, nanoarchitecture was
employed for DRM under light illumination of 5 W cm~2. Strik-
ingly, C'80 was detected by gas chromatography-mass spectrome-
ter (GC-MS), validating that the O atoms in '®0-labelled Rh/
InGaN;_,'80, directly participated in the formation of CO during
the reaction, accompanied by the generation of V. Nevertheless,
CO was mainly produced from the C=0 cleavage of CO,.

Specifically, as characterized by high-resolution XPS O 1s spec-
tra in Fig. S19 (online), the deconvolution peak of 530.8 eV is
attributed to the interaction of O and Rh atoms. Further, there
was no obvious variation in the lattice oxygen content for Rh/
InGaN;_,Ox NWs after the reaction. Thereby, it is rationally specu-
lated that Vo can be favorably replenished by oxygen from the C=0
cleavage of CO,, enabling a chemical loop with concurrent forma-
tion of C'0. It was validated by the GC-MS characterization
shown in Fig. 4a. What is more, as characterized by thermo-
gravimetric (TG) measurement (Fig. 4b), the coking content of
Rh/InGaN NWs reached 0.71%, which was fiercer than that of
0.35% over Rh/InGaN;_yOy NWs under the same conditions
(Fig. S17 online). In combination with the O'3-labelled isotope
labeling experiments, it is rational that the O atoms in Rh/InGaN;_-
«Ox are prone to eliminate the C species from CH, dehydrogenation.
It thus favored the stability of DRM by inhibiting coke deposition.
Furthermore, in-situ irradiated X-ray photoelectron spectroscopy
(ISI-XPS) characterization was conducted to explore the charge
transfer behavior of Rh/InGaN;_,O, under light illumination. As
shown in Fig. 4c, there was a positive binding energy shift occur-
ring for Rh 3d under light illumination, illustrating the redistribu-
tion of photoexcited electron from Rh to InGaN;_,O, NWs.
Moreover, a negative binding energy shift of N 1s and a positive
binding energy shift of O 1s were simultaneously observed under
light irradiation (Fig. S20 online) [48]. Therefore, the O atoms in
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Rh/InGaN;_,Oy facilitate the redistribution of electrons from Rh
to the N sites, which is favorable for the subsequent CO, activation.
In-situ DRIFT spectroscopy was also conducted to study the key
intermediates of the reaction (Fig. 4d). The apparent peaks at
1303 cm~! and in the range of 2216-2394 cm™! are attributed to
the adsorbed CH,4 and CO, on the Rh surface and N sites of InGaN,
respectively [49]. In addition, the peaks at 1008 and 1532 cm™! can
be assigned to the formation of carbonate, illustrating the activa-
tion of CO, molecules [49]. Under light illumination, the typical
peak of *CO was observed at 2260 cm™! after 5 min of the reaction
[50]. Meanwhile, the peak at 1347 cm™' can be indexed to the
deformation vibrations of the adsorbed *CH; intermediate from
CH,4 deprotonation [50] while the C—H stretching vibration peaks
of *CH, and *CH were detected at 3133-3415 cm~! [51]. It indi-
cates that the adsorbed CH, is gradually dehydrogenated to form
the *CH, and *H by photoexcited holes under light illumination.
The released protons can be consumed for H, evolution using pho-
toexcited electrons. eCHs; [52] was detected by in-situ electron
paramagnetic resonance (EPR) spin-trapping technique (Fig. S21
online), further validates the success in CH4 deprotonation by pho-
toexcited holes over Rh/InGaN;_,O,. In addition, the typical «OH
peaks gradually increased in the range of 3560-3764 cm™~! as the
reaction progressed to 10 min, confirming the occurrence of RWGS
reaction [50]. The aforementioned information draws the basic
reaction profile for light-driven DRM (CH4 + CO, — CO + H,) over
Rh/InGaN;_,O,.

3.5. DFT calculations

DFT calculations were conducted to study the reaction mecha-
nism at the molecular level. As indicated by the calculated free
energy diagram, for CH; dehydrogenation, the potential-
determining step (*CH4—*CH3+*H) was not varied with the incor-
poration of O into Rh/InGaN (Fig. 5a). It is associated with the dif-
ficulty in breaking the first C-H bond arising from the inertness of
CH,4. However, the energy barrier of the potential-determining step
can be significantly lowered from 1.06 eV over Rh/InGaN down-
ward to 0.842 eV over Rh/InGaN;_,O,. Subsequently, the formed
*CHj3 species continues to release protons and eventually produces
*C species. In addition, the *C also can be formed from the pro-
duced CO (2CO — C + CO,). For Rh/InGaN;_,O,, the adsorbed *C
species are prone to migrate to the top site of Rh atoms, which is
adjacent to the O atoms (Fig. S22 online), thus facilitating the sub-
sequent formation of CO. It is absolutely different from the obser-
vation in Rh/InGaN, wherein the adsorbed *C species are more
likely to migrate to the fcc plane of the Rh NPs (Fig. S23 online).
The evolution track of CO, was also investigated. As illustrated in
Fig. 5b, when a CO, molecule is adsorbed on the Rh/InGaN inter-
face, a relatively high energy barrier of 1.906 eV is required to
break the inert C=0 bond of CO, (Fig. S23 online). In contrast, Rh/
InGaN;_,Ox NWs are able to directly produce CO by combining
with the *C species, showing a significantly reduced energy barrier
of 0.537 eV. Vo was consequently produced after the release of CO*
(Fig. S22 online). The resultant Vo can be replenished by CO, via
C=0 cleavage to close the chemical loop with a moderate energy
barrier of 1.136 eV. The resultant *CO species that adsorbed over
the interface can be further evolved toward CO, which has been
verified by the GC-MS characterization in Fig. 4a. CO desorbed
on the Rh metal surface, as an important Kinetic step for syngas
production in DRM due to its strong adsorption on metal surface,
is also shown in Fig. 5b. It can be found that the *CO formed by
the cleavage of the C=0 of CO, over either Rh/InGaN or Rh/
InGaN;_,O, is more inclined to desorb on the surface of InGaN
firstly, requiring 0.708 and 0.532 eV, respectively. Subsequently,
for Rh/InGaN;_,O,, the energy barrier of *CO desorption on the
Rh surface is 0.993 eV, which is significantly smaller than that of
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1.188 eV of Rh/InGaN. The lower desorption energy barrier of *CO
is also one of the important reasons for the excellent activity of
DRM reaction for Rh/InGaN,;_,O,. What is more, DFT calculations
showed that the reverse water gas shift reaction is not energeti-
cally favorable over Rh/InGaN;_,O,, which is beneficial for the
achievement of a high H,/CO ratio (Figs. S24 and S25 online). Based
on the discussion above, the mechanism is proposed (Fig. 5c).
Under light irradiation, CH, molecules are dehydrogenated by pho-
toexcited holes to form *C species, accompanied by the release of
protons. The O atoms in Rh/InGaN;_,O, directly participate in CO
generation by reacting with the *C species and contribute to the
coke elimination, in concurrent formation of Vg (Fig. 5c, left, step
(D). The released protons from CH, are reduced by the photoex-
cited electrons toward H,. The Vg are then replenished by the O
atom in CO, (Fig. 5c, left, step @), being another origin of CO evo-
lution. Together, partially substituting N of InGaN with O results in
a substantial leap in activity and stability of light-driven DRM in
the presence of Rh.

4. Conclusion

In summary, a novel Rh/InGaN;_,O, nanoarchitecture was suc-
cessfully assembled for light-driven syngas production from CHy4
and CO,, The O atoms in Rh/InGaN,;_,O, were validated to signifi-
cantly lower the activation energy from 2.96 eV downward to
1.70 eV by virtue of the remarkable photo-thermal synergy. Conse-
quently, a considerable syngas evolution rate of 180.9 mmol gzt
h~! has been achieved over Rh/InGaN;_,O, NWs with an impres-
sive selectivity of 96.3% under concentrated light illumination of
6 W cm~2 without other energy input. By coordinating the compu-
tational investigation, in-situ spectroscopic characterizations, and
isotope experiments, it was discovered that the protons released
from CH,4 dehydrogenation (induced by photoexcited holes) were
reduced by photoexcited electrons toward H,. The surface *C spe-
cies from the eventual CH, dehydrogenation was then eliminated
by the O atoms in Rh/InGaN;_,O,, thus contributed to the forma-
tion of CO and to the inhibition of coke deposition. The resultant
O vacancies in Rh/InGaN;_,O, can be further replenished by the
C=0 bond cleavage of CO,, enabling an ideal chemical loop. As a
result, a marked TON of 4182 mol syngas per mole Rh was
obtained after six reuse cycles without obvious activity degrada-
tion. Overall, this work develops a promising nanoarchitecture
for light-driven green syngas production by feeding two green-
house gases i.e., CHs and CO,.
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