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As global energy demand continues to rise, the development of sustainable alternatives to fossil fuels has
become increasingly critical. This study investigates the photothermal dry reforming of methane (PT-
DRM) over Ni/SiO, catalysts mixed with various ceramics, focusing on the interplay between thermal
conductivity and catalytic activity. Catalysts mixed with low thermal conductivity ceramics effectively
suppressed heat dissipation from the light-irradiated surface, resulting in enhanced photothermal
catalytic performance. Furthermore, the catalysts mixed with low light-absorbing ceramics, such as SiO,,
AlLO3z and AN, exhibited reasonable catalytic activity relative to the measured surface temperature. In
contrast, high light-absorbing ceramics such as SiC and TiC hindered efficient light absorption by the Ni
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Accepted 20th June 2025 nanoparticles (Ni NPs), resulting in lower catalytic activity than expected from the surface temperature.
These results highlight the critical roles of thermal conductivity of catalysts and direct light absorption by
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Introduction

In the face of a rapidly increasing global energy demand, soci-
ety's heavy dependence on fossil fuels—such as coal, oil, and
natural gas—raises significant sustainability challenges, given
the finite availability and environmental impact of these
resources.’ To achieve sustainable development, it is essential
to seek alternative renewable resources.” Solar energy with its
virtually limitless supply is emerging as a promising candidate
in this transition.> Consequently, numerous researchers have
investigated methods for converting solar energy into
electrical,*® thermal,®" or chemical**™® energies.

As an approach to converting light energy to chemical
energy, photocatalytic methods have garnered considerable
attention.”** These processes rely on the absorption of photons
to promote electronic transition, which activates specific cata-
lytic sites. However, these approaches are often limited by the
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solar-driven catalytic systems for effective solar energy utilization and greenhouse gas mitigation.

requirement for high-energy ultraviolet (UV) light, which
constitutes only a tiny fraction of the solar spectrum.** Recently,
the light-driven thermal (photothermal) approach to catalytic
reactions has attracted attention due to its broader effective
wavelength range, including visible and near-infrared (NIR)
light, and versatility in various applications.*>*

One of the notable fields applying photothermal approaches
is the dry reforming of methane (DRM, eqn (1)) reaction, an
endothermic reaction that converts two potent greenhouse
gases, carbon dioxide (CO,) and methane (CH,), into syngas,
a mixture of carbon monoxide (CO) and hydrogen (H,). Syngas
is a versatile industrial feedstock for applications such as
methanol synthesis and Fischer-Tropsch processes.>

CO, + CHy;—2CO +2H, AH,o =247 kImol™ (1)

In contrast to conventional DRM reaction, which requires
significant thermal input to drive the reaction, the photo-
thermal DRM (PT-DRM) reaction utilizes light energy to reduce
external energy consumption. Enormous efforts have been
devoted to exploring photothermal catalysts for the PT-DRM
reaction. Especially, nickel (Ni) nanoparticles (NPs) catalysts
have been extensively investigated due to their high catalytic
activity, favourable optical properties, and relatively low
cost.>**® However, challenges, such as severe coke deposition
and sintering of Ni NPs, remain obstacles to practical
application.”
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Further advancement of photothermal catalysts requires
a more comprehensive understanding of photothermal
conversion process and strategies to enhance efficiency.
Recently, in our study on Ni/SiO, catalysts exhibiting high
activity and stability for the PT-DRM reaction, we reported that
increasing the Ni loading had two opposing effects on photo-
thermal conversion efficiency of the catalysts: enhanced light
absorption by Ni metal and accelerated heat dissipation due to
its high thermal diffusivity.*” This finding underscores the need
to suppress thermal dissipation such as thermal conduction to
maximize surface temperature for effective photothermal
conversion. However, the increase in Ni loading also influences
catalytic properties such as particle size, chemical state, and
metal-support interactions, complicating the overall effect of
thermal conductivity on catalytic activity.

Also, a central hypothesis in this field is that direct heat
generation at the active sites (e.g. photothermal effect of Ni NPs)
would be more efficient than indirect heating methods, such as
the use of external photothermal materials. This direct heating
approach could allow for efficient energy use by concentrating
heat exactly where it is needed. However, this hypothesis
remains untested, emphasizing the need for further research to
validate and improve catalyst designs that enable effective
localized heating in PT-DRM applications. In this study, we
systematically examine the role of thermal conductivity and the
effect of direct photothermal heating in the PT-DRM reaction by
employing Ni/SiO, catalysts mixed with ceramics of various
thermal conductivity to maintain the intrinsic catalytic prop-
erties of the Ni/SiO, catalyst.

Experimental
Catalyst preparation

The Ni/SiO, catalyst with 25 wt% Ni loading was prepared by the
ammonia evaporation method using nickel carbonate basic
(FUJIFILM Wako Pure Chemical Co, Tokyo, Japan), spherical
SiO, (Scigas 0.05 um, Sakai Chemical Industry, Osaka, Japan),
and 28% aqueous NH; solution (Nacalai Tesque, Kyoto, Japan).
The suspension of these compounds was stirred at room
temperature and heated to dryness at 353 K with stirring. The
obtained powder was calcined at 723 K for 2 h. After that, the Ni/
SiO, catalyst was physically mixed with SiO, (Scigas 0.05 um), o-
Al,O; (NP-ALO-1-100, EMJAPAN CO. LTD, Tokyo, Japan), AIN
(aluminium nitride 50 nm, Wako Pure Chemical Co, Tokyo,
Japan), SiC (silicon carbide  form 50 nm, FUJIFILM Wako Pure
Chemical Co, Tokyo, Japan), or TiC (NP-TIC-2-100, EMJAPAN
CO. LTD., Tokyo, Japan) in a 1 : 1 weight ratio for 15 minutes to
prepare mixed catalysts. These ceramic powders are similar in
size (~50 nm) to the spherical silica used for the preparation of
Ni/SiO, catalysts. These mixed catalysts were denoted as Ni/SiO,
+ X (X: Si0,, Al 03, AIN, SiC or TiC)

Characterisation

UV/visible/NIR diffuse reflectance (DR) spectroscopy was con-
ducted with a V-570 instrument (JASCO, Tokyo, Japan), with
a BaSO, plate as the reference. Powder X-ray diffraction (XRD)
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was performed using an X-ray diffractometer (LabX XRD-6000,
Shimadzu, Kyoto, Japan) with Cu Ka radiation. The thermal
diffusivities of the catalysts after reduction pretreatment at 873
K were measured by the laser flash method (LFA 467 Hyper-
Flash, NETZSCH, Selb, Germany), and the specific heat capacity
was measured by the differential scanning calorimetry (DSC)
method in the range of 273-323 K (DSC-60Plus, Shimadzu
corporation, Kyoto, Japan). High-resolution transmission elec-
tron microscopy (HR-TEM) images were measured on a JEM-
2100F (JEOL, Tokyo, Japan) at the acceleration voltage of 200
kv. Ni K-edge X-ray absorption spectra (XAS) were recorded in
a transmission mode at room temperature at the BL9A facility of
the Photon Factory, High Energy Accelerator Research Organi-
zation (KEK-PF, Tsukuba, Japan) using a Si(111) double crystal
monochromator. The reduced samples for XAS measurements
were sealed in polyethylene bags immediately after reduction
pretreatment (5% H,/Ar 100 ml min~*, 873 K, 30 min) to
minimise oxidation of the Ni species by air.

Photothermal catalytic activity test

Photothermal catalytic activity tests were performed using
a fixed-bed flow reactor with irradiation space (2 cm x 2 cm x 1
mm) as described in our previous study.”* The catalyst powder
was pelletised, crushed and sieved into granules (sieve size:
150-300 pum). The catalyst granules were filled in the reactor.
The amounts of catalysts differed depending on the density of
the catalysts and were summarized in Table S1.7 Before the
activity test, reduction (5% H,/Ar, 100 ml min~", 873 K, 30 min)
pretreatment was performed, and then the reactant gas (12.5%
C0,/10% CH,/5% N,/Ar, 200 ml min~') was introduced to the
reactor at room temperature. For irradiation of concentrated
visible and near-infrared (visible/NIR) light, a 300 W Xe lamp
(Cermax PE300BFA, Excelitas Technologies, Massachusetts,
USA; light power: 17.3 W) equipped with optical filters (L39,
HOYA, Tokyo, Japan, A > 390 nm; W-Y435, HOYA, Tokyo, Japan,
A>435nm) and a focusing lens (LGQ30/40P, Eagle Engineering,

Xe lamp

Focusing lens

Optical filter IR thermometer

Catalyst

Quartz reactor

Gas

Scheme 1 Setup for catalytic activity evaluation of the PT-DRM
reaction.

This journal is © The Royal Society of Chemistry 2025
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Tokyo, Japan, irradiation area: @ 20 mm) was used (Scheme 1).
The temperature of the reactor under light irradiation was
measured using an infrared (IR) thermometer (TMHX-
CGE2400-0150H2.2, JAPANSENSOR, Tokyo, Japan). The outlet
gas was analysed by online gas chromatography with a thermal
conductivity detector (GC-8A, Shimadzu, Kyoto, Japan) using
a Shincarbon ST column.

Thermocatalytic activity test

Thermocatalytic activity tests were performed in the dark using
a glass tube (inner diameter: ¢ 4 mm). The catalyst granules
(50 mg, 25 mg for bare Ni/SiO, catalyst) were inserted into the
glass tube. After the reduction pretreatment, the reactant gas
was introduced to the reactor. The thermocatalytic activities
were evaluated at 723 K. The other experimental procedures
were identical to those used for the photothermal catalytic
activity tests, except that no light irradiation was applied.

Results & discussion

Characterisations of the Ni/SiO, and mixed catalysts

From the HR-TEM image of the reduced Ni/SiO, catalyst, the
mean particle size (drgy) of Ni NPs was estimated to be 4.6 nm
(Fig. 1a and b). The Ni NPs were covered with a thin SiO, layer
(Fig. S17), as previously reported.”” The powder XRD analysis
identified peaks attributed to Ni metal (26 = 44.4, 51.9, and 76.4°)
without impurities (Fig. 1c). The crystallite sizes (dxgrp) of Ni metal
were estimated to be 20 nm from the peak at 51.9° using the
Scherrer equation. This difference between drgy and dxgp would
reflect sensitivity of XRD to larger Ni particles.*® The Ni K-edge
XAS measurement also confirmed that Ni species existed as Ni
metal in the Ni/SiO, catalyst (Fig. 1d). The UV/visible/NIR DR
spectra showed absorption in the range of 400-2400 nm in the Ni/
SiO, catalyst (Fig. 1e), with the visible/NIR absorption attributed
to Ni metal NPs, given the absorption of SiO,.

To prepare mixed catalysts, the Ni/SiO, catalyst was physi-
cally mixed with ceramics of SiO,, a-Al,O3, AIN, SiC, or TiC in
a1:1weight ratio. The XRD patterns of the mixed catalysts after
5-hour PT-DRM reaction showed only the peaks of the Ni/SiO,
catalysts and these ceramics without impurities (Fig. 2a). The
absence of any shift in Ni peaks indicates that the mixed
ceramics were not doped into the Ni metal during the PT-DRM
reaction (Fig. S27). The dxgp values of the mixed catalysts
remained ~20 nm (Table S2t), consistent with that of the Ni/
SiO, catalyst without the ceramic mixing. Ni K-edge XAS
measurements also confirmed that Ni species remained mainly
as Ni metal among the mixed catalysts (Fig. 2b). The UV/visible/
NIR DR spectra showed that all mixed catalysts had a reflec-
tance of ~17% in visible/NIR region (Fig. 2c). Slight variations
were observed depending on the ceramics, with a lower reflec-
tance observed in the catalysts mixed with high light-absorbing
ceramics (Fig. 2d).

Photothermal activity of the catalysts

The photothermal activity test on the Ni/SiO, catalyst showed
relatively constant CO and H, formation over 5 h, confirming

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Characterization results of the Ni/SiO, catalyst. (a) HR-TEM
image, (b) the particle size distribution of the Ni NPs determined from
the HR-TEM images, and (c) XRD pattern of the Ni/SiO, catalyst. (d) Ni
K-edge XANES spectra of the Ni/SiO, catalyst and references. (e) UV-
visible-NIR DR spectra of the Ni/SiO, catalyst and bare SiO,. The Ni/
SiO, catalyst was measured after the reduction pretreatment by 5%
Ha/Ar at 873 K.

that the PT-DRM reaction proceeded (Fig. 3a). The slight decline
in product formation rates would be due to coke deposition via
methane decomposition (eqn (2)), as previously reported.*”

CH,—C+2H, AH; = 75.6kJ mol™ (2)

Moreover, the formation rates of CO and H, were not
equivalent according to the stoichiometry in eqn (1) due to side
reactions between H, and CO,, such as the Sabatier reaction
(eqn (3)) and the reverse water gas shift reaction (eqn (4)).*

CO, +4H, > CHy 4+ 2H,0  AH, o = —165 kI mol™  (3)

CO, + H,>CO + H,0 AH;p =413kImol”  (4)

The PT-DRM reaction also proceeded over the mixed cata-
lysts, and their formation rates of CO and H, varied among the
catalysts (Fig. 3b). While their activities were evaluated with
different amounts of catalyst to fix the irradiation area, no direct
relationship was observed between catalytic activities and the

Sustainable Energy Fuels, 2025, 9, 4731-4737 | 4733
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Fig. 2 Characterisation results of the mixed catalysts. (a) XRD patterns
of the mixed catalysts after the 5-hour PT-DRM reaction. (b) Ni K-edge
XANES spectra of the mixed catalysts after reduction at 873 K and
references. UV-vis-NIR DR spectra of (c) the reduced mixed catalysts
and (d) the mixed ceramics.

amounts of the Ni/SiO, catalyst (Table S1 and Fig. S3). More-
over, there was little difference in the activities of the thermo-
catalytic DRM reaction at 723 K in the dark (Fig. 3c), indicating
that the catalytic properties of the Ni/SiO,—such as Ni particle
size, reduction state and interaction with SiO,—remained
largely unaffected by the incorporation of the mixed ceramics.
Therefore, the differences in the photothermal catalytic activi-
ties would be attributed to variations in temperature profiles,
primarily caused by differences in heat dissipation under light
irradiation.

To further explore this, the temperature of the frontside
(Ttront) and backside (Thack) Surfaces of the quartz reactor were
measured with the IR thermometer. The Tf.o,: value was much
higher than the Tyack value among all catalysts. The distinctive
temperature gradients would be created by the light-driven local
heating, a specific feature of photothermal catalysis. Moreover,
the Tqone values varied among the mixed catalysts, positively
correlating with the photothermal catalytic activities (Fig. 3d).
In contrast, Thack Values showed no significant correlation with
the photothermal catalytic activity (Fig. 3e). These results indi-
cate that catalytic activities are strongly influenced by the
highest temperature (i.e. Tgonc value) possibly due to the expo-
nential increase in catalytic activity with reaction temperature
(Fig. s41).

Temperature gradient of the mixed catalysts

Next, the factors contributing to the temperature gradients were
investigated. The temperature gradients would be derived from
the heat dissipation process, particularly thermal conductivity,
in the catalyst bed under irradiation. The thermal conductivity
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Fig. 3 Catalytic activity of the Ni/SiO, catalyst and the mixed catalysts.
(a) Time course of formation rate of CO and H, over the Ni/SiO,
catalyst. (b) Photothermal and (c) thermocatalytic activities of the
catalysts. Relationship between CO formation rate and surface
temperature of the (d) frontside and (e) backside of the reactor
measured with the IR thermometer. Feed gas: 12.5% CO,/10% CH4/5%
No/Ar (200 mL min™) light: A > 435 nm, 17.3 W, without other addi-
tional heating. The formation rate was evaluated at 20 min after light
irradiation.

measurements revealed that the catalysts with lower thermal
conductivities generally exhibited higher Tt values and larger
temperature gradients, differences between the T one and Thack
values (Fig. 4a and b). These results suggest that the heat
generated on the frontside surface dissipated towards the
backside, with the dissipation rate mainly governed by the
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Fig. 5 (a) Arrhenius plot of the Ni/SiO, catalyst and (b) relationship
between photothermal catalytic activities and Tgone values of the
mixed catalysts.

thermal conductivities of the catalysts. Therefore, catalysts with
lower thermal conductivities are more effective for suppressing
heat dissipation, resulting in a higher T, value and photo-
thermal catalytic activities as observed in Fig. 3d (Scheme 2).

Effect of the color of the mixed ceramics on the catalytic
activity

To further investigate the relationship between temperature
and activity for each catalyst, the activation energy (E,) of the
thermal DRM reaction over the Ni/SiO, catalyst was calculated
to be 90.9 and 93.6 k] mol " based on the CO and H, formation
rates measured in the dark (Fig. 5a, see Fig. S41 for the
temperature dependence of activity). Similarly, the natural
logarithms of CO and H, formation rates were plotted against
1000 Tgone * for each catalyst (Fig. 5b). The catalysts mixed with
the low light-absorbing ceramics (Ni/SiO, +SiO,, +Al,03, and
+AIN) exhibited a strong linear correlation, with a slope iden-
tical to that of the Arrhenius plot for the Ni/SiO, catalyst. This
consistency indicates that the apparent E, values remain similar
among the mixed catalysts.

In contrast, the mixed catalysts with high light-absorbing
ceramics (Ni/SiO, +SiC and +TiC) deviated from the expected
trend, exhibiting lower activity than predicted based on their
Tront Values, despite the minimal differences in the amounts of
the Ni/SiO, catalyst (Table S17). The estimated temperatures of

This journal is © The Royal Society of Chemistry 2025
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Ni NPs, calculated from their CO formation rates and the
approximate trend line, were 734 K and 729 K for the Ni/SiO,
+SiC and +TiC catalysts, respectively. These estimated temper-
atures were significantly lower than their T, values for highly
light-absorbing ceramics (—10.8 and —14.5 K, see Table S3+ for
the values of all catalysts). This discrepancy would be attributed
to significant light absorption by the SiC and TiC ceramics,
which are likely to reduce direct light absorption by Ni NPs.
These results indicate the effectiveness of the direct light
absorption of Ni NPs in enhancing the PT-DRM reaction.

Conclusions

In this study, we investigated the photothermal catalytic activity
of ceramics-mixed Ni/SiO, catalysts in the photothermal dry
reforming of methane reaction, emphasizing the roles of
thermal conductivity of catalyst and direct light absorption of
nickel nanoparticles. Our findings reveal that lower thermal
conductivity of catalysts contributes to increased frontside
temperature by minimizing heat dissipation to the backside,
resulting in high catalytic activity. Moreover, in this experiment,
the irradiated surface temperature was closely correlated with
the temperature estimated from the catalytic activity of the
catalysts mixed with low light-absorbing ceramics (i.e. SiO,,
Al,O3, and AIN). In contrast, mixing with high light-absorbing
ceramics (i.e. SiC and TiC) led to lower catalytic activities rela-
tive to the surface temperature, indicating that these ceramics
inhibited direct light absorption by Ni NPs.

Overall, this research demonstrates the significance of
thermal conductivity and direct light absorption in photo-
thermal catalytic systems. These insights pave the way for the
development of more efficient photothermal catalysts for
sustainable energy conversion processes,
utilizing renewable solar energy.
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