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Abstract

Prior to the eventual arrival of carbon neutrality, solar-driven syngas production from methane steam reforming presents a promising
approach to produce transportation fuels and chemicals. Simultaneous activation of the two reactants, i.e. methane and water, with
notable geometric and polar discrepancy is at the crux of this important subject yet greatly challenging. This work explores an
exceptional semiconducting hybrid of RhO,/GaN@InGaN nanowires for overcoming this critical challenge to achieve efficient syngas
generation from methane steam reforming by photocatalysis. By coordinating density functional theoretical calculations and
microscopic characterizations, with in situ spectroscopic measurements, it is found that the multifunctional RhO,/GaN interface is
effective for simultaneously activating both CH, and H,O by stretching the C-H and O-H bonds because of its unique Lewis acid/base
attribute. With the aid of energetic charge carriers, the stretched C-H and O-H bonds of reactants are favorably cleaved, resulting in
the key intermediates, i.e. *CHs, *OH, and *H, to sit on Rh sites, Rh sites, and N sites, respectively. Syngas is subsequently produced via
energetically favored pathway without additional energy inputs except for light. As a result, a benchmarking syngas formation rate of
8.1 mol-gzarh~" is achieved with varied H,/CO ratios from 2.4 to 0.8 under concentrated light illumination of 6.3 W-cm™2, enabling the
achievement of a superior turnover number of 10,493 mol syngas per mol Rh species over 300 min of long-term operation. This work
presents a promising strategy for green syngas production from methane steam reforming by utilizing unlimited solar energy.

Significance Statement

As crude oil dwindles, methane steam reforming toward syngas presents an attractive strategy to power our economy prior to the
arrival of carbon neutrality. However, the remarkable geometric and polar discrepancy of CH, and H,0 poses tremendous obstacles
for simultaneous activation of CH, and H,O toward syngas under ambient conditions. In practice, high temperature (700-1000°C) and
high pressure (2-3 MPa) are generally required for overcoming the reaction energy barrier. In this work, a semiconducting hybrid of
RhO,@GaN/InGaN nanowires is explored for simultaneous activation of CH, and H,0O with notable discrepancy to break the limit of
photocatalytic steam reforming toward syngas. This work presents a promising route for next-generation transportation fuels syn-
thesis with the inputs of methane, water, and sunlight.

Introduction highly challenging due to the inert C-H bond, negligible electron
As the petroleum dwindles and shale gas revolution unfolds, affinity, and low polarization of CH, (6-8). Meanwhile, syngas pro-
solar-driven syngas production from methane steam reforming duction from methane steam reforming is, in principle, an
offers a low-carbon alternative for chemical refineries to produce endothermic process (CH4 + HyO = 3H, + CO, AHpogx =+ 206 kJ/mol)
transportation fuels and chemicals (1-5). Unfortunately, it is (2, 9, 10). Moreover, the geometric and polar difference between
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CH, and H,O poses a tremendous obstacle for simultaneously
activating these two reactant molecules, making efficient and tun-
able syngas production substantially challenging. For the present
industrial process, high temperature (700-1000°C) and high pres-
sure (>20 bar) (6, 7) are required to stride the high reaction energy
barrier, thus suffering from intensive thermal input and severe car-
bon emission. From the perspective of carbon neutrality, it is very
desired to explore a green route to produce syngas production
from methane steam reforming, especially if driven by solar energy
under mild conditions (11).

Photocatalysis provides a burgeoning means for chemical reac-
tions by activating the reactants with energetic charges. It thus
holds a grand promise for breaking the thermodynamic limits of
syngas production from methane steam reforming under mild
conditions (2, 9, 10). Up to date, a series of laudable endeavors
have been conducted to explore suitable photocatalysts by decor-
ating semiconductor materials with various cocatalysts for me-
thane steam reforming, and significant progress has been made
(12-14). Nevertheless, producing energetic charges without com-
promising high optical absorption is difficult. More importantly,
there has been lack of an efficient photocatalytic architecture
for simultaneously activating CH, and H,O because of their re-
markable geometric and polar discrepancy. Thus far, there has
been no virtual success in photocatalytic methane steam reform-
ing toward syngas yet. The pursuit of a multifunctional photoca-
talyst to overcome the critical issues above is thus of scientific and
practical importance.

Nanostructured I1I-nitrides present an appealing semiconduct-
or platform for photocatalysis (15). Such a semiconductor plat-
form enables efficient photon absorption and subsequent
energetic charges generation with tailorable redox potentials
due to the broadly tunable band structure ranging from 3.4 to
0.65 eV (15-17). Interestingly, wurtzite IlI-nitrides render a polar-
and electronic-tuning surface for coupling with appropriate coca-
talysts to simultaneously activate CH, and H,O (17). Meanwhile,
the large surface area and 1D geometry of IlI-nitride nanowires
(NWs) are conducive to high accessibility of reactants to catalytic
centers (18-20). Of note, among various materials, rhodium (Rh)
emerges as an appropriate candidate for methane activation ow-
ing to its unique structural and electronic properties (2).
According to previous discovery, the electron-deficient state of
Rh metal like Rh* possesses higher ability to grab electrons of me-
thane and dissociate the C-H bond (21), thus being an ideal candi-
date to construct a rational photocatalytic architecture by
integrating with IlI-nitride-based platform.

Inspired by the pioneering works above, in this work, we de-
velop a semiconducting hybrid by decorating the attractive plat-
form of vertically aligned GaN/InGaN NWs with ultrafine RhO,
nanoclusters. By correlative theoretical calculations, microscopic
characterizations, and in situ spectroscopic measurements, it is
discovered that the assembled hybrid of RhO,/GaN@InGaN NWs
is unique for simultaneous activation of both CH, and H,0 owing
to the Lewis acid/base nature of RhO,/GaN interface. With the aid
of photogenerated energetic charge carriers, the nonpolar CH, is
facilely split into *CHs and H* species while H* and *OH are favor-
ably produced from water splitting. Afterward, *CHs and *OH spe-
cies intend to sit on Rh sites, and H* prefers to be adsorbed on N
sites of GaN. The adsorbed active species of *CHs, *OH, and *H
are subsequently evolved toward syngas via energetically favored
pathway, thus breaking the thermodynamic limit of syngas pro-
duction from CH; and H,O under close to ambient conditions.
Together, an exceptional syngas activity of 8.11 mol-gci-h™ is
achieved under concentrated light irradiation of 6.3 W-cm™>

without additional energy inputs. The H,/CO ratio can be flexibly
tailored from 2.4 to 0.8. A superior turnover number of 10,493 mol
CO +H, per mol Rh are obtained within 3-h operation. This work
shows a green avenue for syngas production from methane steam
reforming driven by sunlight.

Results and discussion

Theoretical calculations on the multifunctional
RhO,/GaN interface for simultaneous activation of
methane and water

As mentioned above, simultaneous activation of both methane
and water is crucial for efficient methane steam reforming toward
syngas. Thereby, density functional theory (DFT) simulations
were conducted to study the adsorption/activation of methane
and water over the RhO,/GaN interface at the molecular level.
Firstly, 12 RheOo/GaN configurations were established (Fig. S1).
After fully geometric structure relaxation, the most energetically
favorable RhgOo/GaN configuration is confirmed and plotted in
Fig. Sla and c, showing the lowest formation energy, i.e.
~26 meV/A’ (Fig. S2). Charge transfer of 0.468 e from GaN surface
toRheOg cluster is found in this RhgOs/GaN system. To confirm the
role of RhO, and GaN in this work, adsorption characteristics of
CHy, H,0, and essential intermediates among methane steam re-
forming over Rh¢Os/GaN system are then calculated. For CH, and
H,0, compared with their original structure information, upon
adsorption onto the RhgOo/GaN surface, C-H bonds in CH, and
O-Hbonds in H,0 are all elongated (Table S1) with an average val-
ue of 0.022 and 0.056 A, respectively. These results indicate that
both CH, and H,0O are activated by the designed Rh¢Oos/GaN sys-
tem. In this case, the C-H bond and O-H bond can then be readily
broken in the presence of photogenerated charges. Moreover, it is
found that after C-H bond of CH, and O-H bond of H,O are broken,
*CHjs, *OH, and H* prefer to sit on Rh site, Rh site, and N site, re-
spectively. The results of Bader charge analysis revealed that
the Rh atom bonded with C atom of *CHs; and O atom of *OH ex-
hibit electropositive with an amount of 1.098 and 1.252 e, respect-
ively. For the N atom, forming bond with H atom of *H shows
electronegative with a value of 1.366 e. Above all, it is rationalized
that RhO, could be served as a Lewis base and GaN functioned as a
Lewis acid, which is labeled with symbol “+” and “~,” respectively
(Fig. 1), demonstrating promising synergistic catalysis for simul-
taneous C-H bond and O-H bond activation, which is the key
step for exceptional steam methane reforming toward syngas.

Fabrication and characterization of the
photocatalytic architecture

Inspired by this theoretical discovery, a RhO,/GaN@InGaN NWs
hybrid was developed by combining plasma-assisted molecular
beam epitaxy with photodeposition for photocatalytic methane
steam reforming. To effectively harvest the incident light and pre-
cisely mediate charge carriers and chemical species behavior,
multilayer p-doped GaN:Mg/InGaN:Mg NWs were first epitaxially
grown on a 3-inch silicon wafer under N-rich atmosphere (Figs. S3
and S4). Detailed procedure of the growth can be referred to our
previous work (22). Utilizing the multistacked GaN@InGaN NWs
as the scaffold, RhO, species were deposited to create multifunc-
tional sites to simultaneously activate CH, and H,O. As character-
ized by scanning electron microscopy (SEM), GaN@InGaN NWs are
vertically aligned onto silicon with an average height of about
300 nm, and the diameter is in the range of 30-50 nm (Fig. 2a
and Fig. S5). Meanwhile, the large surface area and well-defined
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Fig. 1. Schematic for simultaneous adsorption/activation of CH, and H,0 by RhO,/GaN system based on DFT calculations.

1D morphology of GaN@InGaN NWs favor high accessibility of
both photons and reactants, thus benefiting the reaction.
High-angle annular dark-field scanning transmission electron mi-
croscopy characterization in Fig. 2b shows that Rh nanoparticles
(Rh NPs) are randomly distributed on the surface of NWs with var-
ied diameters. The lattice spacing of 0.22 and 0.26 nm belongs to
the RhO, and (001) plane of GaN, respectively, which suggests
that the growth direction of NWs is the c-axis ([000-1]) (Fig. 2c).
The energy-dispersive X-ray spectroscopy mapping further con-
firmed the success in the anchoring of Rh NPs onto GaN@InGaN
NWs/Si (Fig. 2d-g). As estimated by inductively coupled
plasma-atomic emission spectroscopy, the loaded content of Rh
NPs is as low as 0.34 ymol-cm™2, which facilitates to achieve
high turnover frequency (TOF).

X-ray photoelectron spectroscopy (XPS) measurements were
also conducted to study the oxidation states and electronic inter-
action of the elements in RhO,/GaN@InGaN NWs (Fig. S6). As
shown in Fig. 3, compared with bare GaN@InGaN NWs, the bind-
ing energies of Ga 3d, N 1s, and In 3d (Fig. 3a-c) of RhO,/
GaN@InGaN NW exhibit obvious positive shifts, suggesting the
electron redistribution from GaN@InGaN NWs platform to the
decorated cocatalyst, which is in excellent agreement with DFT
calculations above. Of note, the deposited Rh species mainly com-
posed of Rh** (308.22 eV) (Fig. 3d), suggesting that RhOy is the ma-
jor state (23, 24). The bandgap diagram of GaN@InGaN NWs was
further determined by combining XPS with photoluminescence
(PL) spectroscopy measurements (Figs. S7 and S8). It was noted
that the PL intensity decreased after loading of RhO, (Fig. S8),
which indicated that the recombination of photogenerated car-
riers was suppressed. As shown in Fig. S9, for the NW, the incorp-
oration of In is of benefit to broaden the light absorption by
narrowing the bandgap of GaN, thus facilitating the reaction.
Overall, a novel RhO,/GaN@InGaN NWs hybrid is explored, dem-
onstrating unique geometric and optoelectronic properties for
simultaneous activation of both methane and water and for pro-
viding energetic carriers to break the limits of methane steam re-
forming toward syngas under ambient conditions, which will be
systematically studied next.

Syngas production from CH, and H,0

The experiments were performed in a batch quartz chamber
under atmospheric pressure illuminated by a 300-W Xenon
lamp without any additional energies input, and the results are
shown in Fig. 4. It could be seen that among various noble metals
test, Rh species showed the highest activity (Fig. S10), suggesting
the superiority of Rh species for decorating GaN@InGaN NWs to
catalyze light-driven methane steam reforming toward syngas.
By varying the dosage of Rh precursor (NasRhCls-XH,0), the influ-
ence of the loaded Rh content on the reaction was first investi-
gated. It was observed that in the absence of RhO, the
multistacked GaN@InGaN NWs were nearly inactive for syngas
production because there was lack of catalytic sites (25, 26). In
stark contrast, the decoration of RhOy species affected the per-
formance of methane steam reforming remarkably (Fig. 4a). By in-
creasing the dosage of Rh precursor, the activity of syngas was
increased considerably due to the enriched active sites and
peaked at a superior rate of 6.5 mol-gzi-h™" with a syngas select-
ivity of 91.2% at an appropriate Rh content of 0.34 pmol-cm™,
However, the activity of both CO and H, dramatically declined
to 1.51 and 3.17 mol-gzi-h™", respectively, when Rh was over-
loaded. It is likely attributed to the excessive agglomeration of
Rh NPs, which can be validated by TEM characterizations
(Fig. S11). Correspondingly, TOF of CO+H,, a key descriptor of
catalytic activity, was gradually decreased as the Rh precursor
dosage increased (Fig. 4b), due to the reduced activity and the low-
ered atom utilization efficiency. The influence of optical intensity
was also examined. As shown in Fig. 4c, syngas evolution rate ex-
hibits an obvious increasing trend with light intensity. As ex-
pected, syngas generation did not occur in the dark under
ambient conditions. In sharp contrast, upon introduction of suit-
able photons, the thermodynamic limit of syngas production from
methane and water was broken, leading to an appreciable activity
of 0.6mol-gzah™ under light illumination of 3.7 W-cm™.
Increasing light intensity resulted in a significant promotion on
the activity. Specifically, as the light intensity approached to
6.3 W-cm™, the syngas activity reached 6.5 mol-gi-h™* with a
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Fig. 2. Characterization of RhO,/GaN@InGaN NWs hybrid. a) Front-view SEM image of RhO,/GaN@InGaN NW hybrid vertically aligned on silicon. b)
Scanning transmission electron microscopy images of RhO,/GaN@InGaN NWs at low resolution. ¢) HRTEM image of RhO,/GaN@InGaN NWs. The
elemental mapping images of RhO,/GaN@InGaN NWs: d) Ga, e) N, f) In, and g) Rh.

CO/H, ratio of 2.3. Under various illuminating condition, as meas-
ured by the infrared camera, the surface temperature of RhO,/
GaN@InGaN NWs is 238.4, 315.5, 373.9, and 433.7°C, correspond-
ing to under the 3.7, 48, 5.7, and 6.3 W-cm™2, respectively
(Fig. S12). Under concentrated light illumination, the remarkable
photothermal effect was critical for methane steam reforming.
As shown in Fig. 4c and Fig. S13, the photothermal activity of syn-
gas far outperforms the pure thermocatalytic activity under the
same reaction temperature by external thermal energy without il-
lumination. In particular, the evolution rate of CO and H, was as
low as 0.267 and 0.21 mol-gez-h™ at 433.7°C in the dark, which
is only about 15.7% of the photothermal activity under
6.3 W-cm™ irradiation without any other energies. These results
validate the viability of employing energetic photoexcited carriers
and thermal energy to improve methane steam reforming under
concentrated light illumination. It is noted that the performance
of RhO,/GaN@InGaN NWs far exceeds state-of-the-art catalysts
under comparable reaction conditions, exhibiting the superiority
of the developed photocatalyst for green syngas production
(Table S2). The influence of H,O on the reaction was studied as
well (Fig. 4d and Fig. S14). When only a small amount of 1-mL

water was added into the reaction chamber, water was readily
evaporated under concentrated light irradiation. Under this con-
dition, RhO,/GaN@InGaN NWs showed a superior syngas evolu-
tion rate of 8.1 mol-gei+-h™, and H,/CO ratio was estimated to
2.4. The activity of syngas decreased with the increasing amount
of water. Especially, by further increasing water to 10 mL, the syn-
gas activity dramatically declined to 2 mol-gzi-h™ with a H,/CO
ratio of 1.2. It is likely attributed to that there exists adsorption
competition between methane and water over the interface of
RhO,/GaN@InGaN NWs (25). Methane adsorption on the catalytic
sites could be inhibited by water molecules at a high dosage of
water in the reaction system, thus showing relatively reduced ac-
tivity. Moreover, control experiments showed that GaN@InGaN
NWs and RhO, played vital roles in the superior performance
(Fig. S15). It can be inferred from the extremely low activity of
RhO,-decorated GaN thin film supported by sapphire (RhO,/GaN
TF/sapphire), which is 2,695 times lower than that of RhO,/
GaN@InGaN NWs under the same conditions (Fig. S16). Herein,
the unprecedented activity of RhO,/GaN@InGaN NWs is probably
attributed to the following three reasons. Firstly, the multistacked
GaN@InGaN NWs enabled the spatial decoupling of light
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Fig. 3. XPSmeasurements. High-resolution XPS spectra of a) Ga 3d, b) N 1s, and c) In 3d for GaN@InGaN NWs and RhO,/GaN@InGaN NWs and d) Rh 3d for

RhO,/GaN@InGaN NWs.

absorption and charges separation. Secondly, 1D geometry of the
hybrid is favorable for high accessibility of the reactants to cata-
lytic centers with high-density active sites (16, 17). Most import-
antly, the unique surface of RhO,/GaN@InGaN NWs is beneficial
for simultaneously activating the two reactants of CHy and H,0
despite remarkable geometric and electronic difference, thus re-
sulting in dramatic reduction in energy barrier. What is more,
the syngas rate of RhO,/GaN@InGaN NWs is also superior to
that of RhO,/GaN because the incorporation of indium can en-
hance light absorption of GaN NWs by narrowing the bandgap
(Fig. 4e). These results verify the critical role of GaN@InGaN
NWs for the achievement of outstanding performance.
Long-term stability test showed that after 300 min of operation,
an impressive turnover number of 10,493 mol syngas per mol Rh
was achieved without significantly varied TOF, suggesting the de-
cent stability of RhO,/GaN@InGaN NWs for syngas production
from CH, and HyO (Fig. 4f and Fig. S17). The elemental and mor-
phological characterizations showed that RhO, could be reduced
toward metal state (RhY) during the reaction, and some of
GaN@InGaN NWs fell down. These observations explain the activ-
ity degradation after 300 min of stability test (Figs. S18 and S19).
Control experiments further indicated that syngas indeed

originated from methane and water by photocatalytic reforming
(Fig. S20).

In situ spectroscopy measurements

To better understand the reaction mechanism, in situ spectro-
scopic investigations were correlatively performed. The in situ
XPS was measured to explore the transfer direction of photocar-
riers in Fig. 5a. It is found that there is a negative shift of Rh 3d
spectra under light illumination, indicating that Rh species served
as efficient photoexcited electron sinks. It thus facilitates the re-
action by not only offering active sites but also promoting the
electron-hole separation, in line with PL measurement (Fig. S8).
Furthermore, under the illumination, it can not only promote
the separation of photocarriers but also act as a extractor of pho-
toelectrons, which is convenient to participate in the C-H and O-H
bond cleavage on CH, and H,O molecules, respectively. To track-
ing the carbon source of the product CO, *C-labeled CH, was em-
ployed for methane steam reforming reaction. As detected by the
gas chromatography-mass spectrometer, *CO is clearly shown in
Fig. 5b, indicating that the carbon in the product mainly derived
from CH,. By operando electron paramagnetic resonance (EPR)

€202 18quianoN zz uo 1senb Aq goce6z /. yspebd/) | /z/aone/snxauseud/woo dno-olwspese//:sdny wolj papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data

6 | PNAS Nexus, 2023, Vol. 2, No. 11
A
100
—'; E e ® e
o o— 0
S 4] Eco,
-1
3 I co I 60
E 2 -Hz
2
E [-40
g
2
g 2
e
=
=
7 26 45 63 82
Content of Rh (umol)
c 5
EmH,
o~ Emco
a4
i
bl
]
E
&
£
=
]
E
£l
-
[
6.3 5.7 4.8 3.7 0
Optical power density {W’-cm'z]
E
& ~
T0 co
s
20.8
&
£0.6 1
-
-
5044
E
20.2 1
=
0.0

e RGN

(%) Anandapps

Evolution rate (mol-g.,'h™)
= - "~ - ES
s - - p
=) a =
H,/CO ratio

4
=,
Y B co
=
=
£F
=
e
1 -
0 =
3 10 25 50 100
Content of Rh precursor (umL)

61 . =,
5 [ co

ImL 2ZmL

The amount of water

B co+H,
B H,
P co

TON(*10%)
(=28

4 -
2 -
0
50 100 150 200 250 300
Time (min)

Fig. 4. Syngas evolution from photocatalytic methane steam reforming. Influence of Rh content on activity and syngas selectivity a) and TOF b) of syngas.
Influence of optical density c) and water amount d) on the performance. Performance comparison between RhO,/GaN@InGaN NWs and RhO,/GaN NWs.
f) Turnover number of CO + H, over 300 min of stability test. Experimental conditions: 360-mL argon, 40-mL CHy, atmospheric pressure, 300-W Xenon

lamp, 6.3 W-cm™2, reaction time 1 h.

characterizations, as shown in Fig. 5¢, the characteristic signals of
hydroxyl radicals, i.e. *OH, were observed and persistently in-
creased with the illumination time. Herein, *OH species primarily
originated from H,0 dissociation (27-29). Another key intermedi-
ate, i.e. “CHs, was clearly observed as well, validating effective ac-
tivation of the inert C-H bond in CH4 over RhO,/GaN@InGaN NWs
(30). However, if light illumination was removed, both "OH and
“CHs disappeared shortly. The results above validate that the pho-
toexcited charge carriers of GaN@InGaN NWs are essential to ini-
tiate the reaction by offering highly active species like *OH and
“CH; from water splitting and methane reforming. To get an in-
depth understanding of the process, in situ diffuse reflectance in-
frared Fourier transform spectroscopy characterization was fur-
ther conducted to study the evolution of the reactants and/or
intermediates. As illustrated in Fig. 5d, a series of characteristic
peaks diffuse reflectance infrared Fourier-transform (DRIFT)
spectroscopy appeared over RhO,/GaN@InGaN NWs under light
irradiation and their intensities varied with the irradiation time.
For example, the intensities of the adsorbed water species at

3,636 and 3,608 cm™' decreased with the elongating irradiation
time, indicating the gradual depletion of water molecules ad-
sorbed on the catalytic surface for producing syngas as the reac-
tion proceeded (31). Notably, a characteristic band of metal
hydroxide species at 3,666 cm™" was observed. It suggested that
water was split into hydroxyl and hydrogen, and the formed hy-
droxyl preferred to sit on Rh species (32). This observation is
well consistent with the results of DFT calculations in Fig. 1.
Moreover, the typical *CH; species were observed at the character-
istic bands of 3,092, 3,016, 2,824, 1,338, and 1,304 cm™" (33, 34),
which came from the homolytic C-H bond cleavage of CHy. It is
well matched with the operando EPR measurements. The ad-
sorbed *CH; species were readily oxidized with *OH toward various
intermediates, e.g. HCHO* (2,892, 1,035, and 1,010 cm™?) (35-37),
*CO (2,076 cm™) (38), and HCOO* (1,604 cm ™) (39-42). The critical
information above showed a clear evolution profile of methane
steam reforming toward syngas over RhO,/GaN@InGaN NWs.
Herein, the multifunctional RhO,/GaN interface is efficient for
overcoming the remarkable geometric and polar difference
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Fig. 5. a) In situ XPS spectra of Rh 3d of RhO,/GaN@InGaN NWs. b) Gas chromatography-mass spectra of CO produced from **C-labeled CH,4 and H,0 over
RhO,/GaN@InGaN NWs. Test condition: 300-W Xenon lamp, 6 W-cm™2, **CH, 40 mL, inert gas 360 mL, H,0 1 mL, 1 h. ¢) Operando EPR spectroscopy
characterizations for studying hydroxyl radicals and methyl radicals during photocatalytic methane steam reforming over RhO,/GaN@InGaN NWs
under experimental conditions. 5,5-Dimethy-1-1-pyrroline N-oxide was employed as the spin trapping agent. d) In situ DRIFT spectra of photocatalytic
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between CH, and H,0O with the aid of energetic charge carriers and
thermal energy. It thus simultaneously activates the two reac-
tants of CH, and H,0 to produce highly active species, e.g. *CHs
and *OH, leading to exceptional syngas production via an energy-
favorable pathway, which will be studied by DFT calculations
next.

Density functional theoretical calculations

To reveal the origin of the exceptional performance, 105 possible
reaction pathways of methane steam reforming toward syngas
were simulated by employing the rationalized RhsOo/GaN model.
Three elementary steps for syngas production, i.e. CH, dehydro-
genation, H,0O dehydrogenation, and CO desorption, were investi-
gated in detail (Fig. S21). Three energetically favored reaction
paths are summarized in Fig. 6 as well as the optimized structures
of essential intermediates (Fig. S22). It is found that *CHs-to-*CH,
dehydrogenation is the potential-determining step of the entire
process. Of note, due to the Lewis acid/base pair nature of
RhsOo/GaN nanoarchitecture, the generation of CO occurs on
RheOs cluster while H, is preferably produced on GaN surface,
which is spatially separated. This facilitates the adequate segre-
gation of photogenerated electrons and holes, thus leading to ex-
cellent redox reaction efficiency (43, 44). Additionally, the energy
step for *CO-to-CO desorption from RhsOo/GaN system is as small

as 0.19 eV, which greatly favors the escape of CO from the catalyt-
ic interface and breezily evades the unnecessary generation of
CO,. These above results are in excellent agreement with the cor-
responding experimental measurements, providing solid theoret-
ical explanation for the superior activity of the reaction.

Conclusion

In summary, a rational RhO,/GaN@InGaN NW hybrid has been as-
sembled for syngas generation from photocatalytic methane
steam reforming. Both theoretical and experimental investiga-
tions showed that the multifunctional interface of RhO,/GaN
was efficient for simultaneously activating CH, and H,O by
stretching the C-H and O-H bonds due to Lewis acid/base nature
of RhgOo/GaN nanoarchitecture. Upon light illumination, the
energetic charges enable the formation of active species, i.e.
*H, *OH, and *CHs, from the absorbed CH, and H,O via water oxi-
dation and C-H cleavage. At the end, CO and H, were spatially
generated over RhgOg cluster and GaN surface via energetically fa-
vored pathway. A decent syngas production rate of 8.1 mol-g=*-h™*
was achieved under concentrated light illumination of 6.3
W-cm™. H,/CO ratios can be varied from 0.8 to 2.4 for yielding
various downstream products. The hybrid demonstrated a decent
high TON of 10,493 mol syngas per mol RhO, over 300 min of sta-
bility test. This work presents a disruptive strategy for breaking

€202 18quianoN zz uo 1senb Aq goce6z /. yspebd/) | /z/aone/snxauseud/woo dno-olwspese//:sdny wolj papeojumoq


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgad347#supplementary-data

8 | PNAS Nexus, 2023, Vol. 2, No. 11

©Ga ON @ Rh
@0 @C OO H
HH
. ocH* _OC*  co
- CH_+ O8> it —_
F 7
@ v \\ 4l oc*
@ CH,*+OH* / CH* + 0*
.2 /_/ ’/—*
o N - ) T \CH*+H,0 # OCH;
g s ’ “NoOJ b g -
= X - | \ 7’
gi “‘- CHI Hzo CH2*+ O*
b l / So
w o
0 B
9 )=
6] /
/CH %+H,0
;‘{ b
CHy+H,0
0r— " /
CH4*+ H30 A

Reaction Coordinate

Fig. 6. Potential energy diagram of methane steam reforming reaction. The optimized structures for essential intermediate steps are plotted.

the limit of methane steam reforming toward syngas under ambi-
ent conditions with the use of renewable solar energy.
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