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Abstract: Photothermal catalytic dry reforming of methane (DRM) technology not only
achieves artificial photosynthesis of fuels but also decreases greenhouse effects. The highly
efficient photothermal DRM reaction depends on elaborate catalysts. Therefore, unraveling
the relationship between property and catalytic efficiency of catalysts is crucial. In this
study, a series of Rh-loaded Ga2O3-Nb2O5 (Rh/GaxNby) were designed via a simple in
situ reduction strategy using Rh2O3/Ga2O3-Nb2O5 as a precursor. After an accurate
material characterization, as a proof-of-principle, the photothermal efficiency could be
attributed to (i) the amount of medium and strong basic sites on the catalyst surface; (ii) the
number of electron–hole pairs upon visible light irradiation. Accordingly, this study used
Rh/GaxNby as a model hybrid catalyst to clarify the relationship between the fundamental
properties and photothermal catalytic DRM activities, thus providing guidance for the
rational design and fabrication of efficient metal/semiconductor composite catalysts for
DRM implementation.

Keywords: dry reforming of CH4; photothermal catalyst; property–efficiency relationship;
Rh-based catalyst; composite catalyst

1. Introduction
Dry reforming of methane (DRM) is a promising strategy to solve the greenhouse

effect, which is one of the most severe environmental challenges [1,2]. DRM technology
converts two greenhouse gases (CO2 and CH4) into high-value-added syngas (CO and
H2), which can be further utilized in downstream chemical reactions [3,4]. Most of the
industrialized DRM is driven by heat in the thermal catalytic DRM reaction; however, the
thermal-driven DRM process requires high reaction temperatures, inevitably leading to
excessive energy consumption and catalyst inactivation [5,6]. In order to deal with the
main challenges in conventional thermal catalytic DRM systems, introducing sustainable
solar light energy to induce the photothermal catalytic DRM reaction is attracting more
and more attention because photothermal catalysis can effectively achieve the conversion
of CO2 and CH4 into syngas under mild conditions, which is beneficial for alleviating the
greenhouse effect and achieving carbon neutrality goals.

The DRM reaction is typically conducted at high temperatures (700–900 ◦C) to achieve
high conversion rates of CH4 and CO2, as well as to minimize coke formation. How-
ever, operating at such high temperatures poses significant challenges, including high
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energy consumption, catalyst sintering, and increased operational costs [7]. In recent years,
there has been growing interest in developing DRM catalysts that can operate at lower
temperatures (500–600 ◦C) to address these challenges [8]. Lower-temperature DRM not
only reduces energy requirements but also opens up opportunities for integrating DRM
with other processes, such as photothermal catalysis, which can further enhance reaction
efficiency under mild conditions.

To date, multiple catalysts like noble metal-, transition metal-, and metal oxide-based
catalysts have been designed and developed for photothermal DRM applications. For
instance, Cho et al. used the hydrothermal method to load Rh nanoparticles (Rh-NPs) onto
TaON and tested the photocatalytic activity of the Rh/TaON catalyst in photothermal DRM.
The results demonstrated that the catalytic activity of Rh/TaON under light assistance was
much higher than that achieved under the traditional thermal-driven catalytic system [9].
Wang et al. prepared a supported Ni-Si/ZrO2 catalyst using the impregnation method,
which exhibited high activity for DRM at 400 ◦C, recording initial CH4 and CO2 conversion
rates of 0.50 s−1 and 0.44 s−1, respectively [10]. In addition, the moderate interaction be-
tween ZrO2 and Ni promoted the formation of small Ni-NPs (6–9 nm) with strong electron
donor ability, which maintained the Ni metallic state under reaction conditions, reducing
catalyst deactivation. Ye group’s studies revealed that bimetallic catalysts, consisting of one
active metal for thermal-driven DRM and one plasmonic metal, such as RhAu/SiO2 [11],
PtAu/SiO2 [12], and PdAu/Al2O3 [13], could realize high activities for DRM under visible
light irradiation. Hou et al. prepared several noble (Ru, Rh, Pt, Pd, and Ir at 5 wt% metal
load) and transition (Ni and Co at 10 wt% metal load) metal-based catalysts (supported
on Al2O3) and evaluated their activity on the dry reforming of methane with CO2 [14].
Hassan et al. evaluated the catalytic activity of non-porous and mesoporous (SBA-15) silica
supports (SiO2) impregnated with cobalt (12 wt%) and small amounts of rhodium (0.2 and
0.5 wt%) [15]. Recently, our group designed efficient Rh-based photothermal catalysts for
photothermal DRM, showing excellent catalytic activity under mild reaction conditions
and confirming the great potential of photothermal effect in improving DRM efficiency [16].
These works suggested that some reducible oxides, such as WO3, Nb2O5, and Ga2O5, which
support group VIII metal catalysts, could be partially reduced in situ during the DRM
reaction [17,18]. The in situ-generated group VIII metal NPs served as the active sites for
DRM. On the other hand, the partially reduced supports with oxygen vacancies enhanced
the visible light harvesting capacities, which further introduces a photothermal mechanism
into the DRM process for improving catalytic activities. Considering the advantages of pho-
tothermal composite catalysts including group VIII metals and reducible oxide supports, it
is necessary to further elucidate the relationship between their fundamental properties and
catalytic DRM efficiency, paving the way for reasonably designed highly efficient catalysts.

Motivated by the aforementioned necessity and benefit, in this study, an Rh-loaded
Ga2O3−x-Nb2O5−x (Rh/GaxNby) photothermal catalytic system was constructed via a
straightforward in situ reduction method and used as a model catalyst to investigate
the property–activity relationship during the DRM process. The Rh/GaxNby catalysts
were fabricated by (i) physically mixing Ga2O3 and Nb2O5 to obtain Ga2O3-Nb2O5 sup-
port; (ii) loading Rh2O3 onto Ga2O3-Nb2O5 via an impregnation method; and (iii) in situ
reduction of the Rh2O3/Ga2O3-Nb2O5 precursor during the DRM process to prepare a
Rh/GaxNby photothermal catalyst. The properties of the as-prepared catalysts were system-
atically characterized by XRD, BET, CO2-TPD, and UV-vis, as well as photoelectrochemical
analysis. Then, the catalytic DRM efficiency of Rh/GaxNby was evaluated under the tra-
ditional thermal-driven and photothermal catalytic system. The improvement effect of
photothermal catalytic DRM efficiency should be mainly accounted for by the abundant
active sites and photoexcited charge carriers. This work not only designs a highly efficient
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photothermal catalyst via a simple in situ reduction strategy but also provides guidance for
a rational catalyst design by clarifying the relationship between basic properties and DRM
catalytic behaviors.

2. Results and Discussion
2.1. Catalyst Synthesis and Characterization

As shown in the experimental section, the Rh2O3/Ga2O3-Nb2O5 precursor was ob-
tained by straightforward physical mixing of Ga2O3-Nb2O5 and impregnation treatment for
12 h. Subsequently, the Rh/GaxNby catalysts were prepared by an in situ reduction method
under 10% H2/Ar at 500 ◦C for 2 h, which used Rh2O3/Ga2O3-Nb2O5 as a precursor.

In order to check whether Rh2O3/Ga2O3-Nb2O5 could be in situ-reduced in the
DRM process, H2-TPR characterizations were conducted over Rh2O3/Ga2O3-Nb2O5 and
Ga2O3-Nb2O5. As shown in Figure 1a, there were roughly two reduction peaks over each
Rh2O3/Ga2O3-Nb2O5 precursor when temperatures were lower than 500 ◦C. The peak
centered at ~140 ◦C corresponded to the reduction of Rh2O3 to metallic Rh [19,20]. On the
other hand, since both Ga2O3 and Nb2O5 could be partially reduced by H2 at temperatures
lower than 460 ◦C according to literature reports [18], the peak in the range of 300–460 ◦C
might be due to the partial reduction of Ga2O3-Nb2O5 support. In Figure S1, the H2-TPR
results of the Ga2O3-Nb2O5 precursors show no obvious peak in the range of 300–460 ◦C,
suggesting the characteristic peaks should be due to the partial reduction of Ga2O3-Nb2O5.
The H2-TPR results were consistent with our previous studies, which demonstrated that
Rh2O3-Nb2O5 and Rh2O3-Ga2O3 could be reduced in situ in the DRM reaction [16,18].
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The valence states of Rh and O on the spent catalysts were characterized by XPS.
According to the Rh 3d spectra (Figure 1b), two peaks with binding energies of 307.8 eV and
312.2 eV could be observed, corresponding to Rh 3d5/2 and Rh 3d3/2, respectively [21,22].
This result indicated that Rh2O3 on Rh2O3/Ga2O3-Nb2O5 was reduced to metallic Rh. In
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Figure 1c, two peaks centered at binding energies of 531.7–532.5 eV and 529.3–530.7 eV
were detected, which belong to oxygen vacancies and lattice oxygen, respectively [23,24].
The existence of oxygen vacancies indicated that Ga2O3-Nb2O5 precursors were in situ-
reduced in DRM. This phenomenon could be attributed to the interaction between Ga and
oxygen vacancies, which altered the electronic state around the vacancies. The increase
in Ga content changes the charge density around the oxygen vacancies, affecting the
local electronic environment. This modification in charge distribution could result in an
increase in the binding energy of the electron states related to oxygen vacancies, leading
to the observed peak shift in the XPS spectrum. The contents of oxygen vacancies and
lattice oxygen on the spent catalysts were further calculated, as shown in Table 1. The
contents of oxygen vacancies on the spent catalysts increased with the increase in the
Nb2O5 portion. The above results confirmed that Rh2O3/Ga2O3-Nb2O5 catalyst precursors
were in situ-reduced in the DRM reaction. H2-TPR characterization and XPS analysis
indicated that Rh-NPs were in situ-formed during the initial stage of the DRM reaction
since Rh2O3 can be reduced to metallic Rh-NPs at relatively low temperatures in a reductive
atmosphere (the reductivity of CH4 is strong and the oxidizing property of CO2 is weak).
According to previous reports [16,18], the Rh-NPs could serve as active sites, driving the
DRM reaction to generate CO and H2. Besides the reduced Rh-NPs, in the effluent of the
DRM reaction, H2 and other reductive gases (i.e., CO and CH4) further partially reduce the
Ga2O3-Nb2O5 supports.

Table 1. Amounts of lattice oxygen and oxygen vacancies in the Rh/GaxNby catalysts.

Spent Catalyst Lattice Oxygen (%) Oxygen Vacancy (%)

Rh/Ga0Nb4 70.6 29.4
Rh/Ga1Nb3 73.8 26.2
Rh/Ga2Nb2 75.6 24.4
Rh/Ga3Nb1 79.2 20.8
Rh/Ga4Nb0 79.5 20.5

After confirming the successful reduction of Rh2O3/Ga2O3-Nb2O5 to Rh/GaxNby, the
following characterizations were conducted over Rh/GaxNby model catalysts to further
investigate the property–efficiency relationship. The crystalline structures of Rh/GaxNby

catalysts were characterized by XRD. As shown in Figure 1d, the peaks from Rh/Ga4Nb0

could be detected at 30.1◦, 31.2◦, 33.6◦, 35.0◦, 38.3◦, 57.5◦, 60.8◦, and 64.9◦, which were
attributed to the crystal phase of β-Ga2O3 [25,26]. Over Rh/Ga0Nb4, the peaks located
at 22.3◦, 28.5◦, 29.1◦, 36.5◦, 38.3◦, 46.3◦, 50.2◦, 50.8◦, and 55.2◦ could be assigned to or-
thorhombic Nb2O5 [27]. Regarding the Rh/GaxNby composite catalysts, the coexistence of
characteristic peaks of both β-Ga2O3 and orthorhombic Nb2O5 indicated that the physical
mixing did not change the crystal structure. The lack of Rh peaks in the XRD spectra of
Rh/GaxNby catalysts should be attributed to the small sizes and low amount of Rh-NPs.

HR-TEM images of the Rh/GaxNby catalysts are displayed in Figures 2 and S2. As
clearly shown in Figure 2b, Rh NPs with a size of 0.23 nm and lattice spacing of 0.38 nm
belonging to the (040) plane of Nb2O5 were observed. Figure S2 shows the morphology of
the Rh/Ga1Nb3, Rh/Ga2Nb2, Rh/Ga3Nb1, and Rh/Ga4Nb0 catalysts, indicating that Rh
NPs were uniformly dispersed on the GaxNby substrate.
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BET characterization was conducted over the Rh/GaxNby catalysts. Figure 3a reveals
that Nb2O5, Ga2O3, and all the catalysts exhibited the IV-type adsorption–desorption
isotherms with an H3 hysteresis loop, indicating that the pores over the catalysts were
mainly in the form of narrow slits [28,29]. As shown in Table 2, the specific surface areas
of Nb2O5 and Ga2O3 were very small (3.9–5.3 m2 g−1), and the average pore sizes were
19.1–21.6 nm. The physical mixing of Nb2O5 and Ga2O3 as well as the loading of Rh onto
the supports did not alter the specific surface areas and average pore sizes significantly,
with the specific surface areas of the Rh/GaxNby catalysts in the range of 3.3–6.3 m2 g−1

and the average pore sizes in the range of 14.8–28.0 nm.
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Table 2. Specific surface area and average pore size of Nb2O5, Ga2O3, and Rh/GaxNby.

Catalyst Specific Surface Area (m2·g−1) Average Pore Size (nm)

Nb2O5 5.3 21.6
Rh/Ga0Nb4 6.3 23.6
Rh/Ga1Nb3 3.6 13.3
Rh/Ga2Nb2 4.7 21.4
Rh/Ga3Nb1 3.3 28.0
Rh/Ga4Nb0 3.3 14.8

Ga2O3 3.9 19.1

The results of CO2-TPD characterization over the Rh/GaxNby catalysts are displayed
in Figure 3b, showing three typical CO2 desorption peaks. The peak at low temperatures
(119.6–126.6 ◦C, denoted as α peak) belonged to the desorption of CO2 at the weak basic
adsorption site of the catalysts. The peaks located at 384.0–470.9 ◦C (designated as β peak)
and 439.3–577.8 ◦C (noted as γ peak) were attributed to the CO2 molecules’ desorption
from the medium and strong basic sites, respectively [30,31]. The medium and strong basic
sites played important roles in improving the adsorption and activation of CO2, through
acid–base interactions [32,33]. Notably, Rh/Ga0Nb4 exhibited the strongest β and γ peaks,
while the two peaks over the Rh/Ga4Nb0 catalyst were the weakest. Moreover, with the
introduction of Nb2O5, the CO2 desorption peaks of the Rh/GaxNby catalysts gradually
strengthened. Quantitative analysis of the CO2-TPD profiles in Table 3 reveals that com-
pared to the Rh/Ga4Nb0 catalyst, the medium and strong basic sites over Rh/Ga0Nb4

and the other Rh/GaxNby catalysts were both increased, but the weak basic sites had only
slight variation. As the amount of Nb2O5 increased, the number of medium and strong
basic sites for CO2 adsorption also increased, with the order of CO2 adsorption ability as
follows: Rh/Ga0Nb4 > Rh/Ga1Nb3 > Rh/Ga2Nb2 > Rh/Ga3Nb1 > Rh/Ga4Nb0.

Table 3. Quantitative analysis of CO2-TPD results.

Catalyst
Amounts of CO2 Desorption (µmol·g−1)

α β γ β + γ

Rh/Ga0Nb4 3.42 25.9 27.7 53.6
Rh/Ga1Nb3 4.07 14.8 19.4 34.2
Rh/Ga2Nb2 3.0 12.4 16.0 28.4
Rh/Ga3Nb1 4.3 9.9 5.3 15.2
Rh/Ga4Nb0 2.4 7.9 3.5 11.4

The optical properties of the Nb2O5, Ga2O3, and Rh/GaxNby catalysts were charac-
terized via UV-vis spectroscopy. Figures 4a and S3 show that Ga2O3 mainly absorbed UV
light and Nb2O5 could absorb both UV light and visible light (λ < 420 nm). Tauc plots were
obtained based on these absorption spectra, and the bandgaps were estimated as shown in
Figure S4. The loading of Rh-NPs significantly enhances the visible light absorbance ability.
In addition, compared to Rh/Ga4Nb0, the introduction of Nb2O5 also enhanced the visible
light absorption capability of the Rh/GaxNby catalysts. With the increase in Nb2O5 content
in the Rh/GaxNby catalysts, the light-harvesting capacity of the Rh/GaxNby catalysts
also increased.
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The separation and transfer behavior of photogenerated electron–hole pairs over
the Rh/GaxNby catalysts were characterized via photoelectrochemical current–time mea-
surements. Figure 4b reveals that all the Rh/GaxNby catalysts had a rapid photocurrent
response when exposed to light illumination. The photocurrent intensity of the Rh/GaxNby

catalysts increased with the proportion of Nb2O5. Compared to the Nb2O5 and Ga2O3

support, the photocurrent intensity of the Rh-loaded catalysts increased, indicating that the
introduction of Rh and Nb2O5 improved the amount and transfer of charge carriers.

2.2. Catalytic Efficiency Evaluation in DRM

Having investigated the fundamental properties of the catalytic DRM activities of
the Rh/GaxNby catalysts, they were evaluated under thermal (500 ◦C) or photothermal
conditions (500 ◦C and visible light irradiation).

The results in Figure 5a,b reveal that with the increase in Nb2O5 proportion, the
efficiency of Rh/GaxNby in thermal-driven DRM increased. Rh/Ga0Nb4 exhibited the
highest catalytic activity with 226.4 and 205.1 µmol·g−1·min−1 of the initial CO2 and CH4

conversion rates, respectively. With the introduction of visible light, the efficiency of all
the Rh/GaxNby catalysts was improved (Figure 5c,d). With the increase in Nb2O5 pro-
portion in Rh/GaxNby, the ratios between photothermal catalytic activity and traditional
thermal-driven catalytic activity also improved (they were 2.5, 1.7, 1.6, 1.4, and 1.4, respec-
tively). In addition, the initial conversion rates of CO2 and CH4 over Rh/Ga0Nb4 were
578.0 µmol·g−1·min−1 and 504.0 µmol·g−1·min−1, respectively, which is 4.9 times higher
than Rh/Ga4Nb0 (the initial conversion rates of CO2 and CH4 were 113.5 µmol·g−1·min−1

and 74.1 µmol·g−1·min−1, respectively). Significantly higher than conventional methane
dry reforming catalysts (Table S1). The efficiency of GaxNby supports under photothermal
DRM conditions was also tested. The experimental results show that GaxNby without
the Rh active sites was almost inactive in the DRM reaction (Figure S5). In photothermal
catalysis, the CO and H2 yields of Rh/Ga0N4 were the highest and most stable, which
were 362.9 µmol·g−1·min−1 and 221.9 µmol·g−1·min−1, respectively, and the yields of the
other catalysts were attenuated, while in the thermocatalysis, the yields of all catalysts
were lower and the attenuation was more significant (Figure S6). The CO2 conversion of
Rh/Ga0Nb4 (Figure S7a) was stable at about 27.2%, and the conversion of CH4 (Figure S7b)
was about 23.1%, which was significantly higher than that of the other catalysts. Compared
with photothermal catalysis, the performance of all catalysts in thermal catalysis decreased,
with the CO2 conversion of about 10.6% for Rh/Ga0Nb4 and 9.5% for CH4, while the
conversion of the other catalysts was lower and slightly attenuated over time (Figure S7c,d).
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Moreover, Rh/Ga0N4 has a relatively stable H2/CO ratio (Figure S8). We tested the SEM
of the catalyst after the 4 h photothermal DRM reaction, and the results show that Rh
was still evenly distributed on the surface of the catalyst without aggregation. Moreover,
although carbon was detected, the carbon element did not completely cover the active site
on the catalyst surface, which proved that it has a certain ability to resist carbon deposition
(Figure S9). The efficiency of the carrier without the active ingredient under photothermal
DRM conditions was tested. The experimental results show that the carrier without the
active ingredient was virtually inactive in the DRM reaction. This confirms the necessity of
the active Rh component in driving photothermal DRM reactions. Moreover, Rh/GaxNby

were stable in DRM. With the prolonged reaction time, the reaction activity was almost
maintained. We tested the DRM measurements of the Rh/Ga0Nb4 catalyst under light
conditions for 50 h (Figure S10) and it can be seen that the catalyst exhibits good stability
over 50 h. In order to determine the contribution of light and heat to the reaction effect
in the photothermal catalytic DRM reaction, we evaluated the activity of each catalyst
under only light illumination conditions (Figure 5e,f). The results show that the activity of
the Rh/GaxNby catalysts was very low, suggesting that the contribution of photothermal
properties was more than optoelectronic properties [34–38].
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Figure 5. The thermal catalytic efficiency of Rh/GaxNby in the thermal-driven DRM reaction.
(a) CO2 conversion and (b) CH4 conversion. Reaction conditions: 500 ◦C, CH4:CO2 = 1:1, total flow
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rate: 10 mL·min−1, 0.10 g of the Rh2O3/GaxNby catalyst, and without visible light irradiation.
The photothermal catalytic efficiency of Rh/GaxNby in the photothermal DRM reaction system.
(c) CO2 conversion and (d) CH4 conversion. Reaction conditions: 500 ◦C, CH4:CO2 = 1:1, total
flow rate: 10 mL·min−1, 0.10 g of the Rh2O3/GaxNby catalyst, with visible light irradiation (300 W
Xe lamp, λ > 420 nm). Photocatalytic DRM efficiency of Rh/GaxNby under only light irradiation.
(e) CO2 conversion and (f) CH4 conversion rates. Reaction conditions: CH4:CO2 = 1:1, total flow rate:
10 mL·min−1, 0.10 g of the Rh2O3/GaxNby catalyst, and visible light irradiation (300 W Xe lamp,
λ > 420 nm).

2.3. Property–Efficiency Relationship of Rh/GaxNby in DRM

By combining the above characterization results and the catalytic efficiency, it was
discovered that (i) the catalytic efficiency of Rh/GaxNby in thermal-driven DRM is pro-
portional to the amount of CO2 desorption from β and γ peaks (Table 3 and Figure S11);
(ii) the catalytic activity enhancement of Rh/GaxNby in DRM upon visible light irradiation
(the activity enhancements were 2.5, 1.7, 1.6, 1.4, and 1.4, respectively, over Rh/Ga0Nb4,
Rh/Ga1Nb3, Rh/Ga2Nb2, Rh/Ga3Nb1, and Rh/Ga4Nb0) is related to the number of
electron–hole pairs available for photocatalytic reactions, as indicated by the photocurrent
intensity in Table 4 (the photocurrent intensity is in the order of Rh/Ga0Nb4 > Rh/Ga1Nb3

> Rh/Ga2Nb2 > Rh/Ga3Nb1 > Rh/Ga4Nb0).

Table 4. The photothermal catalytic efficiency of Rh/GaxNby in photothermally driven DRM is
related to the photocurrent intensity.

Sample CO2 Conversion Rate
(µmol·g−1·min−1)

Photocurrent Intensity
(µA·cm−1)

Rh/Ga0Nb4 578.01 0.84
Rh/Ga1Nb3 222.26 0.67
Rh/Ga2Nb2 161.62 0.45
Rh/Ga3Nb1 122.15 0.35
Rh/Ga4Nb0 113.54 0.31

Based on the above results, the relationship between catalyst properties and catalytic
behavior was determined. (i) In thermal-driven DRM, CO2 activation could be considered
as the rate-determining step since high energy is required for the activation of the stable
nonpolar CO2 molecules [39,40]. According to the literature, the medium and strong basic
sites (β and γ peaks in CO2-TPD) play important roles in accelerating the adsorption and
activation of CO2 through acid–base interactions [41,42]. Therefore, the larger amounts
of medium and strong basic sites over Rh/GaxNby are beneficial for CO2 activation and
thus improved catalytic activity. The increasing ratio of Ga2O3 in Rh/GaxNby leads to
more active sites, meaning that the reasonable control of the ratio of Ga2O3 and Nb2O5 is
important to the catalytic activity. (ii) In addition to the effect from medium and strong
basic sites, upon visible light irradiation, photoexcited charge carriers were generated
and migrated to the catalyst surface to drive the DRM reaction. From this perspective,
the presence of Rh-NPs is able to improve the charge transfer ability. Thus, the stronger
photocurrent intensity further results in the higher catalytic DRM activity.

The exceptional photocatalytic activity of the Rh/Ga0Nb4 catalyst can be attributed to
several key factors that synergistically enhance its performance. As shown in the UV-Vis
absorption spectra and photocurrent experiments in Figure 4, the Rh/Ga0Nb4 catalyst
exhibits significantly enhanced visible light absorption, indicating an expansion of its light
absorption range. Simultaneously, the photocurrent results demonstrate a notable increase
in the generation of photogenerated electron–hole pairs on the surface of the Rh/Ga0Nb4

catalyst under illumination, which effectively promotes the photocatalytic reaction process.
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These factors collectively contribute to the remarkable improvement in the photocatalytic
activity of the Rh/Ga0Nb4 catalyst. Furthermore, CO2-TPD quantitative analysis reveals
a significant enhancement in the CO2 adsorption capacity of the Rh/Ga0Nb4 catalyst
(Table 3). The improved CO2 adsorption provides more reactants for the catalytic reaction,
thereby further enhancing the catalytic activity.

In summary, the enhanced catalytic activity of the Rh/Ga0Nb4 catalyst can be pri-
marily attributed to the following two aspects: (i) improved visible light absorption and
increased concentration of photogenerated charge carriers; (ii) significant enhancement
in CO2 adsorption capacity. These improvements work synergistically, resulting in the
superior catalytic efficiency of the Rh/Ga0Nb4 catalyst.

3. Experimental Section
3.1. Materials

Gallium oxide (Ga2O3, 99.99%) and Niobium(V) oxide (Nb2O5, 99.5%) were pur-
chased from Aladdin and Sinopharm Chemical Reagent Co., Ltd., Shanghai, China, respec-
tively. Deionized water (H2O) and Rhodium (III) chloride hydrate (RhCl3·xH2O, 99.9%)
were purchased from CNMC Shenyang Research Institute of Nonferrous Metals Co., Ltd.,
Shenyang, China.

3.2. Catalyst Preparation

Ga2O3-Nb2O5 supports were prepared by the physical mixing method. In a typical
preparation procedure, 1.25 g of Ga2O3 and 3.75 g of Nb2O5 were weighed and mixed in
a mortar to achieve different mass ratios. Specifically, the mass ratios of Ga2O3 to Nb2O5

were set as 0%, 25%, 50%, 75%, and 100%. Then, Ga2O3-Nb2O5 (x:y) was obtained, where x
and y represent the proportions of Ga2O3 and Nb2O5, respectively.

The Rh2O3/Ga2O3-Nb2O5 (x:y) catalyst precursor was prepared by the following
incipient wetness impregnation method: Take 0.10 g of Ga2O3-Nb2O5 (x:y) support and put
it into a 100 mL beaker. Measure a certain amount of RhCl3·xH2O aqueous solution and
pour it into the beaker; then, add 30 mL of distilled water. The mixture was continuously
stirred at room temperature for 12 h, followed by evaporation at 100 ◦C with constant
agitation until complete H2O removal. Then, the substance was dried overnight at 80 ◦C in
an oven and calcined in a muffle furnace at 550 ◦C for 4 h under an air atmosphere (heating
rate: 2 ◦C/min). The theoretical loading amounts of Rh on Rh2O3/Ga2O3-Nb2O5 (x:y)
were 1.0 wt%.

Rh2O3/Ga2O3-Nb2O5 (x:y) was further reduced in 10% H2/Ar at 500 ◦C for 2 h
to obtain a partially reduced catalyst, which was denoted as Rh/GaxNby. In addition,
the Rh2O3/Ga2O3-Nb2O5 (x:y) consumed after DRM evaluation was also recorded as
Rh/GaxNby.

3.3. Catalyst Characterizations

The structure and phase analysis of fresh and spent catalysts were performed on a
Bruker D8 Advance X-ray Diffractometer (XRD) (Rigaku, Kyoto, Japan), using Ni-filtered
Cu radiation and instrumental settings of 40 kV and 40 mA. The characterization conditions
are a scanning angle of 10–80◦, a scanning speed of 5◦ min−1, and a scanning step of 0.02◦.

The specific surface area and pore structure were measured by N2 adsorption–desorption
with the Brunauer–Emmett–Teller (BET) method on a Micromeritics ASAP 2020 C analyzer
(Micromeritics, Norcross, GA, USA). Before measurements, the samples were degassed at
200 ◦C for 2 h.

The valence states of elements on the catalyst surface were analyzed on an Agilent
5100 X-ray photoelectron spectroscopy (XPS) (Agilent Technologies, Dallastown, PA, USA).
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The basic operating parameters were as follows: tube voltage of 15 kV, tube current of
10 mA, test energy of Al target of 1486.8 eV, and test spot diameter of 500 µm. The obtained
data are calibrated based on the binding energy of C1s (284.8 eV).

The reducibility of oxide precursors was specifically investigated by H2-temperature
programmed reduction (H2-TPR) on an AutoChem II 2930 chemical adsorption instrument
(Micromeritics, Norcross, GA, USA). Typically, 50 mg samples were pretreated by N2 at
300 ◦C for 1 h. After cooling to room temperature, the pretreated samples were heated at
a rate of 10 ◦C·min−1 to 800 ◦C in 10% H2/Ar. The signals were recorded by a thermal
conductivity detector.

The morphology of catalysts was observed using a transmission electron microscope
(TEM-16-TS-008, Thermo Fisher Scientific, Waltham, MA, USA). Prior to imaging, the
sample was sonicated and dispersed in ethanol and then deposited on a copper TEM grid.

The basic properties of the catalysts were characterized by CO2-temperature pro-
grammed desorption (CO2-TPD) on an AutoChem III 2930 chemical adsorption instrument
(Micromeritics, Norcross, GA, USA). An amount of 100 mg of the sample was firstly pre-
treated by He at a gas flow rate of 30 mL min−1 at 300 ◦C for 1 h and then cooled to 50 ◦C.
Subsequently, a 10% CO2/He (30 mL min−1) mixture was introduced and continuously
adsorbed for 1 h until saturation, which can be determined by monitoring the concentration
of the outgoing gas. As the adsorption sites on the material surface are gradually occupied
by CO2, the unadsorbed CO2 will flow out of the reactor along with the carrier gas. When
the concentration of CO2 at the outlet tends to be consistent with that at the inlet, it indicates
that the adsorption has reached dynamic equilibrium (saturation). After that, He gas was
switched to remove residual CO2 physically adsorbed on the catalyst surface. Finally,
under the He atmosphere, the temperature was raised from 50 ◦C to 800 ◦C at a rate of
10 ◦C min−1, and the effluent gas was detected using a thermal conductivity detector.

The light-harvesting capacity of the catalysts was characterized by a UV-3600 UV
visible diffuse reflectance spectroscopy, with a wavelength range of 200–800 nm on a
Japanese Shimadzu UV-3600i Plus Spectrometer.

3.4. Photoelectrochemical (PEC) Measurement

The photocurrents of the catalysts were tested on a DH7000 electrochemical worksta-
tion (Shanghai Chenhua Instrument Co., Ltd., Shanghai, China). The photoanode film was
prepared as follows: 5.0 mg portion of Rh/GaxNby and 5.0 mL of anhydrous ethanol were
mixed and ultra-sounded for 30 min to evenly disperse Rh/GaxNby in ethanol without pre-
cipitation. The suspension (approximately 5.5 mL) was then dropped onto a fluorine-doped
tin oxide conductive layer to obtain the photoanode film. The experiment was conducted
using a CHI600E series electrochemical workstation. Connected to the electrochemical
workstation with a three-electrode quartz glass cell. The setup employed platinum wire as
the counter electrode, an Ag/AgCl electrode as the reference electrode, and the prepared
photocathode as the working electrode. The photoelectrochemical efficiency of different
photocathode film samples was tested under irradiation of a 300 W Xe lamp in a 0.5 M
potassium sulfate (K2SO4) aqueous solution. The detection principle involves utilizing
the three-electrode system and the electrolyte solution to form an external circuit, through
which transient photocurrent curves are measured by applying a constant bias as shown in
Figure S12.

3.5. Catalyst Evaluation

The DRM reaction was conducted in a fixed-bed reactor under atmospheric pressure.
An amount of 0.10 g of catalyst was uniformly dispersed in the constant zone of a quartz
tube reactor. Both heat (500 ◦C) and a 300 W Xe lamp with L42 filter (λ > 420 nm) were
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employed to provide the energy input. High-purity CH4 and CO2 with a molar ratio of
1/1 were introduced into the reactor with a total flow rate of 10.0 mL·min−1 (STP). The
catalyst was kept at each temperature for 30 min. Then, the composition of the outlet gas
was analyzed by an online gas chromatograph equipped with a TCD. The chromatograph
is an SP-6890 gas chromatograph. The size of the column is 3 m × 3 mm, and the column
temperature is 50 ◦C. Furthermore, the flow rate of the effluent gas was measured with a
flowmeter. To investigate the differences between photothermal catalysis and traditional
thermal catalysis, a separate thermal catalysis experiment was conducted. The efficiency
evaluation process was consistent with the aforementioned method, except that no light
irradiation was applied. The reaction temperature was precisely measured by using
thermocouples. The test results are shown in Table 5 as follows:

Table 5. The DRM actual reaction process temperature.

Catalysts Set the Temperature
(◦C)

Actual Reaction Process Temperature (◦C)

Photothermal Thermal

Rh/Ga0Nb4 500 483.5 490.2
Rh/Ga1Nb3 500 483.3 491.3
Rh/Ga2Nb2 500 484.6 490.8
Rh/Ga3Nb1 500 484.2 491.7
Rh/Ga4Nb0 500 483.9 490.6

4. Conclusions
In this study, Rh/GaxNby was prepared as a model catalyst through an in situ reduc-

tion strategy to elucidate the structure–efficiency relationship of reducible oxide-supported
photothermal catalysts containing group VIII metals. H2-TPR and XPS analyses con-
firmed that Rh/GaxNby served as an intrinsic catalyst in the DRM reaction. CO2-TPD
and photocurrent characterizations revealed that the CO2 adsorption capacity and the
separation efficiency of photogenerated electron–hole pairs gradually improved with in-
creasing Nb2O5 content. The optimal catalyst Rh/Ga0Nb4 exhibited initial conversion rates
of 578.0 µmol·g−1·min−1 for CO2 and 504.0 µmol·g−1·min−1 for CH4. Based on the charac-
terization results and photothermal catalytic efficiency, the following structure–efficiency
relationships were established: (i) the catalytic efficiency of Rh/GaxNby in thermally driven
DRM is correlated with the number of medium-strong basic sites on its surface, which can
be modulated by the ratio of Ga2O3 to Nb2O5 supports; (ii) the visible light-induced activity
enhancement is related to the quantity of electron–hole pairs available for photocatalytic
reactions, while Rh nanoparticles further improve charge transfer efficiency. Therefore, this
work not only provides a facile in situ reduction strategy for constructing photothermal
composite catalysts but also offers theoretical guidance for designing efficient photothermal
catalysts for DRM applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal15040312/s1, Figure S1: H2-TPR results of Ga2O3-Nb2O5

precursors.; Figure S2. TEM and HR-TEM images.Figure S3. UV-vis spectra of GaxNby catalysts.
Figure S4.; Tauc plots and bandgap of Rh/GaxNby catalysts.; Figure S5. Photothermal catalytic effi-
ciency of GaxNby in photothermal DRM reaction system.; Figure S6. Photothermal catalytic efficiency
of Rh/GaxNby in photothermal DRM reaction system. (a) CO yield and (b) H2 yield.; Figure S7.
Photothermal catalytic efficiency of Rh/GaxNby in photothermal DRM reaction system. (a) CO2

conversion and (b) CH4 conversion.; Figure S8. H2/CO ratio over all catalysts.; Figure S9. SEM image
and EDX mapping of the catalyst after 4 h of photothermal DRM reaction.; Figure S10. Photothermal
catalytic efficiency of Rh/GaxNby in photothermal DRM reaction system.; Figure S11. The catalytic
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efficiency of Rh/GaxNby in thermally driven DRM is related to the CO2 desorption capacity of the β

and γ peaks.; Figure S12. Photoelectrochemical efficiency evaluation system.; Table S1: Comparison
table of thermal and photothermal catalysts for DRM reactions. References [11–13,43–48] are cited in
the Supplementary Materials.
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