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ABSTRACT: Photothermal catalysis, which couples both solar
and thermal energies, has burgeoned as a promising approach to
drive catalytic reactions. However, the utilization of light irradiation
to tune the reaction paths to obtain ideal product distribution in
photothermal catalysis is still of tremendous challenge. Herein, we
successfully regulated the relationship between two core competi-
tion reactions through light irradiation during photothermal dry
reforming of methane over Ni/Ga2O3, resulting in the promotion
of H2 formation and the suppression of the reverse water gas shift
reaction. The increase in the H2/CO ratio from 0.55 to 0.94 could
be achieved. Furthermore, the combination of density functional
calculations and X-ray photoelectron spectroscopy reveals that light
irradiation impelled the direction of electron transfer to be reversed
from Ga2O3 to Ni to form the Ni0 sites, which provides the generation of abundant hot electrons from the electronic interband
transition of Ni to boost the formation and desorption of H2. This work promotes the understanding of nonthermal behaviors of
light irradiation in light-driven photochemistry, which is significant for designing catalysts with high efficiency and controllable
product distribution.
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■ INTRODUCTION

Photothermal catalysis has emerged as a promising alternative
to obtain clean, renewable fuels and chemical compounds by
converting solar energy into chemical energy.1,2 Upon
irradiation, the local improvement of the electric field, the
hot electrons generated by plasmon decay, and the photo-
thermal heating can occur due to the interband and/or
intraband electronic excitations.3 Among these light-conduced
effects, photothermal heating is several orders of magnitude
more energy-efficient than conventional thermal processes
induced by phonon interactions.4 Moreover, the construction
of a photothermal system via photothermal heating and
photogenerated hot electrons to drive and accelerate chemical
reaction endows catalytic reactions with higher reaction rates
and milder conditions than traditional thermal catalysis.5−9

However, understanding the role of light irradiation in light-
induced thermal effects and light-excited hot electrons to
enhance reaction rates remains controversial in this photo-
thermal cooperative process.10,11

On the other hand, the hot electrons-mediated (nonthermal
effects) catalytic process does more than just enhance reaction
rates; it can also selectively modify the reaction paths, even
unlocking an approach that is unachievable under purely
thermal conditions.12,13 Specifically, the electrons with femto-

second-lifetime14 will speedily transfer to the adsorbate on the
substrate and thus accelerate the bond scission of the adsorbed
molecule before its desorption.15,16 For instance, the electrons
excited by light can boost the associative desorption of H2
from metal surfaces through the desorption induced by the
electronic transitions (DIET) mechanism.17−19 Therefore, it is
highly desirable to employ the nonthermal contributions of
light irradiation to modulate the reaction pathways selectively.
Photothermal catalytic dry reforming of methane (DRM: CH4
+ CO2 ⇋ 2H2 + 2CO) was an alternative to the traditional
thermal DRM due to its sustainable and low-temperature
advantages. Nevertheless, it still suffered from the H2/CO ratio
of less than 1.0 due to the coinstantaneous occurrence of
reverse water gas shift (RWGS: CO2 + H2 ⇋ H2O + CO)
reaction,20−22 which is not beneficial for the formation of C5−20
liquid fuels via the direct Fischer−Tropsch (FT) synthesis.23,24

In this process, the formation of H2 and the RWGS reaction
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are a competitive process for the hydrogen adsorbed on the
metal surface.
Herein, we successfully regulate the reaction paths through

the nonthermal effects of light irradiation during the
photothermal catalytic DRM reaction to obtain syngas with a
ratio near unity. We discovered that light irradiation not only
plays a significant role in reversing the direction of electron
transfer between Ga2O3 and Ni but also promotes the
generation of hot electrons through the electronic interband
transition of Ni. The H2/CO ratio was increased from 0.55 of
traditional thermal DRM to 0.94 of photothermal DRM at 664
K. In this process, light irradiation showed a distinct
nonthermal contribution and proved to be an effective strategy
to promote the C−H bond scission of CH4 and H2 formation
during the photothermal DRM.

■ EXPERIMENTAL AND COMPUTATIONAL
METHODS

Experimental Methods. Ni/Ga2O3 was synthesized using
a facile impregnation method. In more detail, 1.0 g of Ga2O3
(99.99%) was added into 50.0 mL of an aqueous solution of
0.247 g of Ni(NO3)2·6H2O (99.99%); both were obtained
commercially from Aladdin Chemical Reagent Corp. Then, the
extra water was evaporated at 353 K until dryness. After that,
the mixture was calcined at 673 K for 2 h under air. The

theoretical loading of Ni was 5.0 wt %, and the actual loading
of Ni was measured to be 4.9 wt %, confirmed by inductively
coupled plasma optical emission spectrometry (ICP-OES,
Agilent 5110).
The photothermal and thermal catalytic reactions were

measured at atmospheric pressure in a Harrick cell reactor with
a flat cover and a quartz window (Harrick Praying Mantis high-
temperature reaction chamber) (Figure S1a). The reaction
gases and production gases were analyzed by gas chromatog-
raphy (Shimadzu GC-8A) equipped with a flame ionization
detector (FID) and a thermal conductivity detector (TCD)
and a mass spectrometer (OmniStar GSD-320, Pfeiffer
Vacuum). In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was carried out on a Bruker infrared
spectrometer (Tensor II) equipped with a liquid nitrogen-
cooled mercury−cadmium−telluride (MCT) detector in a
three-window diffuse-reflectance cell (Harrick) with a non-
modified dome cover. Two IR measurement windows were
made of ZnSe, while the silicon oxide window was used for
light irradiation (Figure S1b). The resolution was 4 cm−1. The
IR scanning range was 4000−600 cm−1 with averaging over
100 scans. The gas composition and flow rate were consistent
with the catalytic tests. The background spectra were obtained
by purged the pretreated catalysts at 616 K in pure Ar gas for
30 min. The near-ambient-pressure X-ray photoelectron

Figure 1. (a) TEM image, (b) HRTEM image, and (c, d) EDS mapping of the Ni/Ga2O3 catalyst. (e) Ni K-edge XANES spectra, (f) the Ni K-
edge Fourier transform (FT) of k3-weighted χ(k) function, extended X-ray absorption fine structure (EXAFS) spectra (uncorrected for the phase
shift) of the NiO reference, Ni foil reference, and Ni/Ga2O3.
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spectroscopy (NAP-XPS) was performed on a commercial
SPECS AP-XPS chamber equipped with a PHOIBOS 150
NAP hemispherical analyzer and monochromatic SPECS μ-
FOCUS 600 NAP X-ray source, Al Kα line (hν = 1486.6 eV).
The Ni/Ga2O3 powder catalyst was pressed on a copper plate
and then loaded into the AP-XPS chamber.
Models and Computational Details. All calculations

were carried out with dispersion-corrected density functional
theory (DFT-D) based on Materials Studio software with
Cambridge Sequential Total Energy Package (CASTEP)
code.25 The whole calculations employed the generalized
gradient approximation (GGA) with Perdew−Burke−Ernzer-
hof (PBE) functional theory as part of the exchange-
correlation.26−28 The Monkhorst−Pack k-point and cut-off
energy were set to be 2 × 2 × 1 and 380 eV, respectively. A
vacuum layer of 15 Å was used for all of the calculations to
prevent the spurious interaction between periodic slabs. The
monoclinic β-phase Ga2O3 surface was cleaved along the (100)
direction of bulk Ga2O3. As presented in Figure S14, the
surface energy was converged since 2 × 1. Hence, a 2 × 2
supercell, including a cell composition (Ga2O3)8, was
constructed in the subsequent calculations (Figure S2a).29,30

The Ni atom was bonded with two O atoms of Ga2O3 to form
the Ni−O bonds (Figure S2b).

■ RESULTS AND DISCUSSION
Characterization. Ni was reported as an active catalytic

component in the photothermal DRM reaction owing to its
excellent catalytic activity and low price, and the hot electrons
generated by both interband transition and LSPR could
participate in the subsequent reaction process.31,32 Ni/Ga2O3
exhibited photothermal catalytic DRM activity; however, it still
suffered from the fact that H2/CO was much lower than 1.0
due to the side RWGS reaction.33 Ni/Ga2O3 catalysts were
obtained by wet impregnation of commercial Ga2O3 powders
presented in the Experimental and Computational Methods
section. The crystal phases of both Ga2O3 and Ni/Ga2O3
catalysts were confirmed to be β-Ga2O3 (JCPDS PDF No. 76-
0573) by X-ray diffraction (XRD). NiO was found to be
formed; however, it was difficult to identify due to the overlap
of the Ga2O3(401) plane at 37.3° with the NiO(101) plane at
37.2°, and Ga2O3(112) plane at 43.0° with NiO(012) plane at
43.2° (Figure S3). The UV−vis diffuse reflection spectrum
(DRS) of pristine Ga2O3 exhibited an absorption edge at about
264 nm corresponding to a band gap of 4.70 eV (Figure S4), in
good agreement with the previous report.34 After Ni loading, a
distinct additional absorption peak originating from NiO can
be observed in the range of 270−370 nm.35

Scanning electron microscopy (SEM) images revealed that
Ga2O3 presented a rod-like structure (Figure S5a,b). Various
uniformly distributed nanoparticles appeared on the surface of
Ga2O3 after Ni loading (Figure S5c,d). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
images (Figure 1a,b) showed that nanoparticles over Ni/
Ga2O3 exhibited the face-centered cubic (FCC) lattice with a
NiO(111) interlayer spacing of 0.24 nm, consistent with
previous reports.36,37 The selected TEM-energy-dispersive
spectrometry (EDS) mapping confirmed that the nanoparticles
in Figure 1a,b were Ni species (Figure 1c,d). The particle size
of NiO was around 10 nm according to the EDS mapping and
HRTEM statistics (Figure S6).
The surface chemical state of Ni was further analyzed by X-

ray photoelectron spectroscopy (XPS) (Figure S7). Ni 2p3/2

spectrum evidenced the presence of two peaks for Ni atoms at
855.2 and 853.5 eV assigned to NiO.38,39 The O 1s peak at
530.5 eV could be ascribed to the Ga−O bond, and the
binding energies at 529.2 and 531.7 eV could be assigned to
the feature of NiO.39 The Ni K-edge X-ray absorption near-
edge structure (XANES) spectrum of Ni/Ga2O3 also indicated
the existence of NiO species as the spectrum is overlapped
with the NiO reference, and the distinguishable Ni−O
coordination in the extended X-ray absorption fine structure
(EXAFS) spectra further confirmed the NiO phase in the
catalyst (Figure 1e,f).

Thermal and Photothermal Catalytic DRM Reactions.
Given that the increase of the catalyst surface temperature
could be caused by the photogenerated thermal effect, the
calibration of the temperature curve under photoirradiation
was performed and shown in Figure S8. Based on this
calibration, the photothermal and thermal DRM catalytic
processes could be investigated on the condition that the
surface temperatures of catalysts were kept consistent.10,11,40

The DRM catalytic performance over the Ni/Ga2O3 catalyst
was assessed in the temperature range from 616 to 664 K
(Figure 2a). The catalytic activity of the thermal process

without light irradiation increased with the increasing temper-
ature. The formation rate of CO was obviously higher than
that of H2, and the formation rate gap between CO and H2
grew fast, with the increase in temperature. As for the
photothermal process upon irradiation, a similar result of
increasing formation rates of products with increasing
temperatures was observed. However, no noticeable increase
in the rate formation gap between CO and H2 could be

Figure 2. DRM catalytic performances over Ni/Ga2O3 catalyst at
different temperatures: (a) H2 and CO yield under photothermal and
thermal catalysis. (b) The H2/CO ratio under photothermal and
thermal catalysis. Reaction conditions: CH4/CO2 = 1.0, total flow
rate: 20 mL min−1, 40 mg of catalyst, 300 W Xe lamp.
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observed. This result indicated that heat was responsible for
enhancing the catalytic activity, while the addition of light
irradiation played a crucial role in augmenting the percentage
of H2 in the products for DRM.
During the photothermal DRM catalysis, the H2/CO ratio

improved with the increase of temperature, while the H2/CO
ratio showed a decreasing trend during thermal catalysis
(Figure 2b). To be specific, the H2/CO ratio was only 0.55 at
664 K in thermal catalysis, while this value reached 0.94 in
photothermal catalysis, indicating that the H2/CO ratio could
achieve close to 1.0. As aforementioned, this is crucial for the
application of the DRM reaction to other chemical processes,
such as direct FT synthesis.23,24 The Arrhenius plots of ln(rH2

)

vs 1/T were performed based on the rH2
values of Ni/Ga2O3

(Figure S9a). Both thermal catalysis and photothermal
catalysis showed good linear relationships between ln(rH2

)
and 1/T. The apparent activation energy value of H2 over Ni/
Ga2O3 was calculated to be 83.4 kJ mol−1 under thermal
catalysis according to the Arrhenius equation (k = A e−Ea/RT),
consistent with the previous reported nickel-based cata-
lysts.41,42 For the photothermal catalysis, the apparent
activation energy value was decreased to 72.2 kJ mol−1. This
exhibited that the addition of light irradiation lowered the
activation energy of the DRM reaction. Thus, the higher H2
formation rate in the products and lower activation energy
obtained upon light irradiation for the DRM process implied a
unique pathway for methane activation as compared to that of
thermal DRM. Besides, the mass spectrometry (MS) results of
the reactants and products also confirmed good stability to
promote catalytic activity during five cycles of light-on and
light-off experiments (Figure S9b).
In Situ DRIFTS. The in situ DRIFTS technology was

carried out to disclose the origin of the improvement toward
H2 in the products and to understand the effect of light on the
reactants, intermediates, and products over Ni/Ga2O3. With
the increase of reaction temperature, the adsorption peaks of
gaseous CH4 (3016 and 1302 cm−1) and gaseous CO2 (2340
and 2358 cm−1) gradually decreased as a result of the CH4 and
CO2 conversion (Figures 3a and S10).43−45 The broad peaks
at 1341 and 1354 cm−1 after the introduction of CH4 and CO2,
assigned to asymmetric and symmetric deformation vibrations
of adsorbed −CH3 groups,46,47 respectively, indicated that
CH4 might be cleaved to form the adsorbed −CH3 and H
species. This result was consistent with the previously reported
work that the adsorbed CH3 species could be generated and
activated under low temperatures.48,49 In our case, the
intensities of the adsorption peaks of methane and methyl
groups significantly reduced at 616 K under light irradiation
after 120 min (Figure 3b), indicating that light could promote
the cracking of methane and accelerate the further cracking of
the methyl group. Moreover, the reduction of the methyl
group during thermal catalysis was not as significant as that
during photothermal catalysis. Thus, the introduction of light
could not only promote the pyrolysis of methane but also
facilitate the continuous cracking of methyl groups.
On the other hand, two new broad adsorption bands at 2174

and 2113 cm−1 corresponding to adsorbed gaseous CO50,51

(Figure 3c) could be detected, ascribed to the decomposition
of adsorbed carbonate species. During the thermal catalytic
reaction without light irradiation, the gaseous CO showed an
increasing trend after the reaction temperature increased to
616 K at 120 min. Interestingly, the gaseous CO showed an

increasing trend after reaction for only 30 min and then
decreased with the increase of light irradiation time at 616 K.
This result demonstrated that light irradiation inhibited the
formation of gaseous CO.
The presence of several broad peaks in the 3586−3734 cm−1

region could be assigned to the stretching modes of isolated
hydroxyl groups due to the adsorbed hydroxyl groups of H2O
on the surface of Ga2O3 (Figure 3d),52 which was usually
involved in the RWGS reaction.53,54 The peaks of hydroxyl
groups in this range still existed, but the intensities were
changed due to their instability at high temperatures.55

Interestingly, with the increase of temperature during thermal
DRM, a new peak was generated at 3734 cm−1 and was
attributed to the asymmetric free OH of H2O.

56 Moreover, the
intensity of this peak after light irradiation for 120 min was
significantly lower than that under thermal conditions alone.
Such a kind of phenomenon, related to the formation of H2O,
was detected by mass spectrometry (MS) as well (Figure S11).
This implied that the addition of light inhibited the production
of H2O in the products compared with the thermal DRM.
To clarify the effect of light on this side reaction during

DRM, the RWGS reaction over thermal and photothermal
catalysis was performed. The consumption of H2 during
thermal catalysis was obviously higher than that during
photothermal catalysis with the increase of the reaction
temperature (Figure S12). Also, a nearly 3-fold decrease in
the yield of CO product was recorded under photothermal
catalysis as compared to that under thermal catalysis at the

Figure 3. In situ DRIFTS of the Ni/Ga2O3 catalyst during the DRM
reaction at 528 K and 616 K for 120 min and under UV−vis light
irradiation at 616 K for 30, 60, and 120 min in ranges of (a) 2525−
2200 cm−1, (b) 1400−1200 cm−1, (c) 2225−1950 cm−1, and (d)
3800−3700 cm−1, respectively.
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same reaction temperature. Furthermore, the H2O (m/z =18)
production from mass spectrometry (MS) under the thermal
catalysis was much higher than that under the photothermal
catalysis during the RWGS reaction (Figure S13). Therefore,
there is no doubt that the RWGS reaction was effectively
inhibited over Ni/Ga2O3 after the addition of light to improve
the H2/CO ratio during photothermal DRM catalysis.
For nickel-based catalysts during DRM catalysis, it was

generally accepted that the limitation step of the DRM reaction
was mainly due to the disassociation of C−H bonds in
methane molecules.57−59 Once the first hydrogen of the CH4

molecule was removed, a rapid transformation of CH3 → CH2

→ CH → C could occur on the catalyst surface.60,61 After that,
the deposited carbon would react with oxygen atoms to form
gaseous CO. The dissociation of C−H resulted in the
formation of H*, which would participate in the following
two reactions: (1) the formation of H2 and (2) the
hydrogenation of CO2.

62 These were two competitive
reactions for H disassociating from CH4, and the latter one
led to the occurrence of the RWGS reaction.62 Furthermore,
the formed H2 would react with CO2, which could also

promote the occurrence of the RWGS reaction. Based on the
above experiments and considerations, the following three
reaction paths were selected as critical steps during the DRM
process to explore the effect of additional light in the DRM
process among the Ni/Ga2O3 systems.63,64

* → * + *CH CH H4 3 (Path 1)

* + * → *H H H2 (Path 2)

* + * → * → * + *CO H COOH CO OH2 (Path 3)

DFT Calculations. Ni/Ga2O3 model was conducted
(details in the SI), and the above three paths were simulated
based on the DFT methods. Extra electrons were introduced
into the whole system to create an electron-rich condition for
simulating the effect of light addition.65−67 As presented in
Figure 4, the dissociation of CH4* to CH3* and H* (Path 1)
needed 179.6 kJ mol−1 at the ground state. Comparatively, this
value decreased to 162.3 kJ mol−1 under an electron-rich
condition. This indicated that the electron-rich condition
facilitated the dissociation of CH4, resulting in more H*
participating in the subsequent reactions. This was in

Figure 4. Energy profile during the DRM process over Ni/Ga2O3 under (a−c) ground state and (d−f) electron-rich condition. Energies are in kJ
mol−1.
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accordance with the in situ DRIFTS analysis (Figure 3b).
When H* formed, it could directly convert into H2 (Path 2) or
combine with CO2 to convert into CO (Path 3). At the ground
state, the formed H* could more possibly combine with CO2
(Ea = 64.3 kJ mol−1) rather than converting into H2 (Ea =
117.5 kJ mol−1) according to the related energy barriers. Under
the electron-rich condition, the energy barrier of H2 formation
was decreased to 1.5 kJ mol−1, reduced by almost eighty times
compared with the ground state. Hence, the competition
reaction was significantly changed, and the formation of H2
would more possibly occur compared with the hydrogenation
of CO2 (Ea = 32.5 kJ mol−1).
Furthermore, the desorption energy of H2 decreased from

+0.2 to −100.8 kJ mol−1 (Table S1) under electron-rich
conditions, indicating that the light promoted the spontaneous
desorption of formed H2. This phenomenon was observed in
the previous report that light induced the formation of H2.

17,68

In brief, the introduction of light promotes the reaction of H2
formation instead of CO2 hydrogenation in the DRM process
on the Ni/Ga2O3 surface, resulting in generating more H2 and
inhibiting the RWGS reaction. On the other hand, the formed
H2 would spontaneously desorb from the surface after the light
was introduced. As a result, the H2/CO ratio was significantly
increased, which accorded with the results observed in the
above experiments.
Based on the above results, Ni and its surrounding atoms

were deemed as the main active sites for the DRM reaction.
Hence, to gain further insight into the internal causes of light
irradiation, the charge population analysis was employed in Ni
and its surrounding atoms among the Ni/Ga2O3 systems
(Table S2, Figures 5a−d and S14). When the Ni/Ga2O3
surface was constructed, the electrons were transferred from
the Ni atom to two bonded O atoms, resulting in the oxidation
state of the Ni atom (Figure S14a). This was consistent with
the experimental analysis. At the ground state, Ni kept the
oxidation state during the dissociation of CH4, the formation
of H2, and the process of CO2 conversion into CO. Under the
electron-rich condition, the state of Ni had rarely changed
except the process of H2 formation (Figures 5 and S14d−f).
During the process of H2 formation, the electrons in the
highest occupied molecular orbital (HOMO) of Ni 3d were
transferred to the lowest unoccupied molecular orbital
(LUMO) (Figure S15). As a consequence, the direction of
electron transfer was reversed, and 0.17e electrons were

accumulated in the Ni atom, leading to the reduction state of
the Ni atom (Figure 5c). Therefore, the adsorbed H atoms
could obtain more electrons (Table S3) from the interband
transition of Ni, which facilitated an almost 80 times decrease
of the energy barrier for H2 formation (Figure 4b,e).
To identify the change of Ni during the reaction process, the

NAP-XPS analysis of the Ni/Ga2O3 catalyst pretreated with
H2, thermal catalysis, and photothermal catalysis was
performed as shown in Figure 5e. Metallic Ni (Ni0) with a
proportion of 29.6 atom % was observed in the Ni/Ga2O3
catalyst pretreated with H2 (Table S4). The ratio of Ni0 (29.8
atom %) showed no significant change after the introduction of
CH4 and CO2; however, the gaseous CO2 was significantly
increased at 623 K during the thermal catalysis. With light
illumination, the peak of gaseous CO2 showed a decreasing
trend, indicating that light illumination accelerated the
conversion of CO2. Besides, the ratio of Ni0 increased to
32.1 atom % under the photothermal catalytic DRM reaction.
These results were consistent with our theoretical simulations
that the electron transfer reversed from Ga2O3 to Ni under the
light illumination condition. In addition, the UV−vis
absorption spectra of the catalyst after the photothermal
catalytic reaction showed a significant absorption peak of
metallic nickel from 350 to 800 nm (Figure S4).32

The light irradiation promoted the electron transfer reversal
from Ga2O3 to Ni during the formation of H2. Compared with
the thermal process, light irradiation promoted the formation
of Ni0 that impelled more hot electrons excited from the
interband transition of Ni to accelerate the dehydrogenation of
CH4, resulting in more production of H* that could be
involved in the subsequent reactions. Meanwhile, the hot
electrons also boosted the production and desorption of H2
through the DIET mechanism and thus in turn promoted the
regeneration of reactive active sites for the dissociation of CH4.
In other words, the detachment of H* from CH4 was more
inclined to participate in the H2 formation rather than the
competitive RWGS reaction to form CO and H2O. Hence, the
H2/CO ratio near unity could be achieved.

■ CONCLUSIONS

In summary, this work demonstrated the nonthermal effects of
light irradiation that enabled the enhancement of H2/CO ratio
to be near unity in the photothermal catalytic DRM reaction.
The light irradiation promoted the direction of electron

Figure 5. Charge population of (a, b) the ground state and (c, d) under electron-rich condition during the DRM process of H2 formation over the
Ni/Ga2O3 surface. (e) NAP-XPS spectra of Ni/Ga2O3 pretreated with H2 (gray, acquired in an ultrahigh vacuum), thermal (red), and
photothermal (blue) catalytic DRM reaction (0.3 mbar CO2 and CH4 at 623 K), Ni 2p3/2.
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transfer to be reversed from Ga2O3 to Ni during the formation
of H2, promoting the formation of Ni0. As a result, more hot
electrons from the electronic interband transition of Ni
simultaneously promoted the dehydrogenation of CH4 and
the formation and desorption of H2. Hence, the ratio of H2/
CO observed in the DRM reaction was increased from 0.55 to
0.94 after the light was introduced. Our findings offer a
penetrating insight into the roles of light irradiation in the
photothermal catalytic reaction and pave the way for
enhancing the proportion of H2 in the C−H activation and
H2 production reactions.
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