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Dry reforming of methane (DRM) is a promising technology for con-
verting greenhouse gases (CH; and CO,) into syngas. However, the
traditional thermal catalytic process requires high temperature, resulting
in low selectivity, and coke-induced instability. In this study, a Y-doped
nickel-based photothermal catalyst, NiY/fibrous nano-silica (KCC-1),
was obtained for the DRM reaction, exhibiting excellent photothermal
catalytic DRM activity with a CO yield rate of above 90.01 mmolg~*h™!
at 450 °C. The spatial confinement effect of KCC-1 enhanced the
catalyst stability, maintaining fresh activity for up to 40 hours. Various
characterization techniques reveal that strong d-electron transfer from
Y to Ni is beneficial for preserving metallic Ni, which in turn promotes
the adsorption and activation of CH,. In situ DRIFTS and DFT theoretical
studies further elucidate the mechanism that the Y-doped strategy not
only facilitates the adsorption and activation of CO, (due to the strong
basicity of Y,Oz) but also enhances the photothermal effect by facil-
itating the formation of metallic Ni°, resulting in a greater generation of
p-COs%~ intermediates to achieve excellent photothermal catalytic
performance. The findings of this study are expected to provide a rare
earth metal doping strategy for designing highly efficient photothermal
catalysts for the synthesis of solar fuel.

1. Introduction

The accumulation of carbon dioxide (CO,) and methane (CH,)
in the atmosphere has intensified the greenhouse effect,
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attracting widespread attention from academia and industry.'™
Countries are actively researching methane-carbon dioxide reform-
ing (DRM, CO, + CH; — CO + H,) technology, which can effectively
resource these two greenhouse gases (methane and carbon dioxide),
mitigate the greenhouse effect, and simultaneously generate indus-
trial syngas (CO and H,).>” However, due to the endothermic
nature of this reaction (AH,osx = 247 kJ mol ), conventional
thermal catalytic reforming necessitates exceedingly high tempera-
tures, exceeding 650 °C.*° The active metal particles (e.g., Pt, Ru,
Pd, Ni, and Co) supported on catalysts, due to their nanoscale
properties, exhibit lower sintering temperatures (<600 °C) and are
then susceptible to sintering."** Furthermore, methane thermo-
dynamically tends to crack into coke above 600 °C, obstructing
active sites and leading to catalyst deactivation."

Nickel-based (Ni-based) catalysts are extensively utilized and
researched in DRM due to their superior C-H bond cleavage
capabilities and cost-effective synthesis.'® However, due to the
relatively low Tammann temperature of nickel (581 °C), Ni
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nanoparticles are highly susceptible to sintering at the opera-
tional temperatures employed in dry reforming of methane
(DRM).'”'® Additionally, the formation of larger Ni nano-
particles through sintering or agglomeration brings active sites
into closer proximity, which favors successive C-H bond clea-
vage and subsequent C-C coupling.'® This leads to severe coke
formation and thus limits the catalyst’s lifetime. For example,
Mustu et al. synthesized Ni-containing mesoporous zirconia
catalysts (Ni@ZrO,-C) for the DRM reaction at 600 °C for only 4
hours, resulting in significant coking that accounted for 14% of
the catalyst’s weight.”® Therefore, achieving high catalytic
activity under mild conditions while minimizing sintering
and carbon deposition remains a formidable challenge for Ni-
based catalysts. As a renewable and clean energy source, solar
energy optimizes the methane reforming reaction under mild
conditions, surpassing thermodynamic limitations and redu-
cing dependence on fossil fuels.”’™® However, traditional
photocatalysis has low efficiency due to the recombination rate
of photogenerated electron-hole pairs being higher than the
surface catalytic reaction rate.”»*®> Emerging photothermal
catalysis combines the benefits of photocatalysis and thermal
catalysis, substantially lowering reaction barriers and achieving high
conversion rates, thereby enhancing the catalytic efficiency.”*”
Traditional wisdom for improving the photothermal catalytic per-
formance mainly relies on defects, doping, morphology, and struc-
ture engineering. Among these strategies, elemental doping is a
cost-effective and straightforward method to enhance the catalytic
performance by tuning the band structure and electronic properties
of the material.”®**° For example, Zhang et al. significantly enhanced
the catalytic performance of DRM over the NiCo alloy nanoparticle
catalyst by the photothermal effect, achieving more than a twofold
increase in efficiency. Nonetheless, the incorporation of Co intensi-
fied the redox properties excessively, leading to undesirable side
reactions. When selecting doping elements, it is crucial to con-
sider the adsorption capacity of the reactants and the redox capacity
of the catalyst, to promote the reaction between CH, and CO, while
inhibiting other side reactions.

In this study, KCC-1 zeolite with an ordered pore structure
was employed to spatially confine Ni nanoparticles, and Y

Scheme 1 Synthesis flowchart of the catalyst.
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element (with a strong Lewis basicity’*) doping was performed
to enhance the photothermal CH,-CO, reforming reaction
performance. The strong d-electron transfer between Ni and Y
optimized the band structure and augmented the photothermal
effect, achieving a CO generation rate of 90.01 mmol g " h™*
450 °C. Additionally, the electronic interaction and the confine-
ment effect of KCC-1 collectively enhanced the stability of the
Ni-based catalyst, maintaining its initial activity for 40 hours.
Therefore, this study demonstrates that doping modification
can optimize the band structure of materials through electronic
interactions, significantly improving photothermal catalytic
performance, and offering a new idea for efficient and stable
photothermal catalysis.

2. Experimental

2.1. Catalyst preparation

2.1.1. Preparation of NiY/KCC-1. The synthetic method of
KCC-1 has been reported in the previous references (ref. 33 and
34). As shown in Scheme 1, Ni(NO;),-6H,O (0.0495 g) and
Y(NO3);-6H,0 (0.0456 g) were dissolved in ethylene glycol
(600 pL), and KCC-1 (200 mg) was added. The mixture was
stirred at room temperature for 2 h and dried at 80 °C. Finally,
the dried product was calcined at 500 °C for 5 h to obtain the
sample (denoted as NiY/KCC-1, 5 wt% Ni).

2.1.2. Preparation of other catalysts. For comparative pur-
poses, two reference catalysts were synthesized: KCC-1-supported
single Ni (denoted as Ni/KCC-1, 5 wt% Ni) and SiO,-supported NiY
(denoted as NiY/SiO,, 5 wt% Ni). The preparation process of these
catalysts was identical to the procedure described above.

2.2. DRM performance evaluation

A fixed-bed microreactor was utilized to evaluate the photo-
thermal catalytic performance of methane dry reforming, and
Fig. S1 (ESIY) illustrates a schematic representation of the
equipment and procedures involved.*® The light source
employed is a xenon lamp with variable power settings (Beijing
Perfectlight, PLS-SXE300+). The light intensity was calibrated
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with an optical power meter (Perfectlight, PL-MW2000). The
light-receiving area of the sample section was approximately
1 cm®. The thermocouple was inserted into the quartz tube and
positioned above the catalyst. Weight hourly space velocity
(WHSV) is 12000 mL h™"' ¢~'. A mixture of 250 mg of quartz
sand (40-60 mesh) and 50 mg of catalyst is prepared and placed
in a quartz tube. By reducing pure hydrogen at 700 °C for 1 h,
the hydrogen flow rate is 10 mL min~". The gas flow rate was
maintained at 10 mL min ", and the quartz tube was connected
to a ternary gas mixing system with a composition of CH,:
CO,: Ar = 4:4:2. After the reaction, the syngas passed through
5A and HQ packed columns. Each component in the syngas was
separated based on their distinct retention times, and the CO
concentration in the reaction exhaust gas was monitored using
a thermal conductivity detector (TCD) gas chromatograph.®®
The formation rate of CO is calculated using eqn (1):

_ 60V[CO]

out
" =100 x 22.4m (1)

where r represents the rate of CO formation, mmol g * h™". v
represents the gas flow rate in the system, mL h™". [COJou
represents the proportion of CO exports, %. 22.4 represents the
molar volume of an ideal gas at standard temperature and pressure
conditions, L mol *. m represents the mass of the catalyst, g.

Subsequently, the natural logarithm (In) is applied to the CO
formation rate r. The relationship between the natural loga-
rithm of the catalyst’s CO formation rate, In(r), and the test
temperature T is derived from eqn (2):

E,

Inr = —1600RT

+C (2)
where r represents the formation rate of CO, mmol g ' h™*. E,
represents the activation energy of the catalyst, ] mol . R is the
ideal gas constant, 8.314 J mol ' K '; T represents the test
temperature, K. C represents the pre-reference factor.

2.3. Catalyst characterization

The X-ray diffraction (XRD) patterns of these catalysts were
acquired using a Bruker D8 Advance system, employing Ni-
filtered Cu Ka radiation (1 = 0.15418 nm). Transmission elec-
tron microscopy (TEM) images were taken with a Talos F200x
using an FEI CCD camera with an accelerating voltage of
200 kv. The N, isotherm adsorption and desorption tests were
performed using an ASAP2460 (Micromeritics). The pore size
distribution of the catalyst was determined using the Barrett-
Joyner-Halenda (BJH) method.

X-ray photoelectron spectroscopy (XPS) was performed using
a Thermo Scientific K-Alpha XPS system with Al Ko as the
excitation source. The binding energy was calibrated by C 1s =
284.80 eV. H,-temperature programmed reduction (H,-TPR) was
performed using a BSD-Chem C200 chemisorption analyzer from
BSD Instrument, Beijing. About 200 mg of catalyst was filled in
the quartz tube. Before the test, the catalyst was pretreated in
high-purity argon at 300 °C for 1 h at a flow rate of 30 mL min~"
and then cooled to room temperature. Subsequently, a 10% H,—
Ar gas mixture was introduced into the apparatus at a flow rate of

This journal is © The Royal Society of Chemistry 2025
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30 mL min~'. Simultaneously, the heater was ramped up to
800 °C at a heating rate of 10 °C min~', during which the TCD
detector signal was continuously recorded. CO,-temperature
programmed desorption (CO,-TPD) was also carried out using a
BSD Chem-C200 analyzer. After pretreatment with Ar at 300 °C for
1 hour, the catalyst was exposed to a 5% CO,-Ar mixture at a flow
rate of 30 mL min~ ' at 50 °C for 1 hour. Pure Ar gas was then
pumped into the system to purge physically adsorbed CO, and
held for 30 minutes. Subsequently, the TCD detector was acti-
vated, and the temperature was increased to 800 °C while
maintaining the Ar flow to complete the desorption data record-
ing. For CH,-temperature programmed desorption (CH,-TPD),
the 5% CO,-Ar mixture was replaced with a 4% CH,-N, mixture,
with all other settings remaining unchanged.

In situ DRIFTS was performed in the wave number range of
4000 to 650 cm™ ' by accumulating 32 scans on a Nicolet iS50
FT-IR spectrometer equipped with Harrick DRIFTS batteries and
a liquid nitrogen-cooled high-sensitivity MCT detector. 5 mg of
catalyst with KBr as a substrate was injected into the sample
chamber and the background was collected under a Ar atmo-
sphere. In situ infrared tests were performed at different tem-
peratures, the feedstock gas was switched to 5% CO,-Ar and 4%
CH,4-N,, respectively, and the temperature was increased to
100 °C, 200 °C, 300 °C, and 400 °C for several minutes to record
the spectrum. In the pre-adsorption experiment, after the back-
ground was collected in an Ar atmosphere, the feed gas was
switched to 5% CO,-Ar (or 4% CH,-N,) for adsorption to
equilibrium, and then the feed gas was switched to 4% CH,-
N, (5% CO,-Ar) for several minutes to record the spectrum. In
the simultaneous adsorption experiment of CO, and CHy, after
the background was collected in an Ar atmosphere, the feed-
stock gas was switched to a mixture of 5% CO,-Ar and 4% CH,-
N, for several minutes to record the spectrum.

3. Results and discussion

3.1. Catalytic performance of samples

The photothermal catalytic DRM performance of 5%Ni;,Ys/KCC-1,
5%Ni;Y-/KCC-1, 5%Ni;oYo/KCC-1 and 5%Ni,;,Y;,/KCC-1 is shown
in Fig. S2 (ESIT). As the concentration of Y increases, the catalytic
performance displays a volcano plot, with 5%Ni,zY,/KCC-1
(referred to as NiY/KCC-1) demonstrating the best catalytic activity,
surpassing the thermodynamic equilibrium conversion. In Fig. 1a,
with an increase in temperature (250 °C to 450 °C), the photo-
thermal catalytic performance over NiY/KCC-1 increases, and the
CO formation rate over NiY/KCC-1-light (90.01 mmol g * h™") at
450 °C is about 100% enhancement compared with that of Ni/
KCC-1-light. Additionally, under light-only conditions, NiY/KCC-1
exhibited a CO formation rate of 43.37 mmol g * h™" (Fig. 1b),
twice higher than that of Ni/KCC-1 (16.09 mmol g~ ' h™"). In
Fig. 1c, as the light intensity increases, the heating rate and
apparent temperature of NiY/KCC-1 were higher than that of Ni/
KCC-1, demonstrating that Y-doping could boost the photother-
mal effect. In addition, the catalytic performance was boosted
when exposed to a higher light intensity, and the rate of CO was

Nanoscale Horiz., 2025, 10, 905-914 | 907
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Fig. 1 CO formation rate of the NiY series of catalysts at (a) different temperatures; (b) CO formation rate of NiY/KCC-1 under light without an external
heating source; (c) the temperature of Ni/KCC-1 and NiY/KCC-1 at different light intensities; CO and H, formation rates of Ni/KCC-1 and NiY/KCC-1 at (d)
different light intensities at 350 °C and (e) different wavelengths at 350 °C; (f) Arrhenius plots of Ni/KCC-1 and NiY/KCC-1 under dark and light; (g) CO
formation rate of different catalysts at 400 °C; (h) evolution of the CO formation rate with time for the NiY series of catalysts.

recorded to be up to 72.13 mmol g * h™" under an illumination of
approximately 40 suns (Fig. 1d).

The wavelength of light significantly affects the catalyst per-
formance, as illustrated in Fig. le. The catalyst exhibits poor
absorption for wavelengths above 800 nm, resulting in a low
DRM reaction rate under such illumination. Conversely, when
the wavelength is adjusted to below 400 nm, both CO and H,
generation rates increase markedly, indicating that the catalyst
exhibits significant absorption capacity in the 400 to 800 nm
range. It is noted that despite the change in light intensity and
wavenumber, the ratio of CO/H, approached 1:1 and the light-to-
fuel efficiency is stable at about 3.5% at a light intensity of above
2 W em ™ (Fig. S5, ESIT). This finding suggests a low incidence of
side reactions on the catalyst surface, implying that the catalyst
exhibits a moderate redox capacity.””

The activation energy of the catalyst under both light and dark
conditions was also determined, with the results presented in
Fig. 1f. The activation energy of NiY/KCC-1 for a catalytic DRM
reaction remains comparable in the presence (35.8 k] mol ') and
absence (81.8 k] mol %) of light, proving that light exposure plays
avital role in reducing the activation energy required for the DRM
reaction. It was worth noting that the activation energy of Ni/
KCC-1 (44.2 kJ mol ") under light is similar to that of NiY/KCC-1,

908 | Nanoscale Horiz., 2025, 10, 905-914

suggesting identical active sites for the DRM reaction regardless
of Y-doping. Furthermore, the photothermal catalytic activity
over NiY/KCC-1 has a huge advantage compared to other
reported references, as shown in Fig. 1g.***' In Fig. 1h, the
CO formation rate can retain the fresh catalytic activity during
the 40-hour stability tests, while deactivation was obvious for Ni/
KCC-1 and NiY/SiO, in the first 20 hours, proving that Y-doping
effectively regulates the redox properties of the Ni-based
catalyst, enhances the DRM reaction rate and inhibits carbon
deposition. Additionally, thermogravimetric analysis (TGA) of
the post-reaction catalysts (Fig. S6, ESIT) revealed a lower carbon
accumulation rate for used NiY/KCC-1 (0.0008 h™*) compared to
NiY/SiO, (0.0216 h™"), indicating that the pore-space confine-
ment effect of KCC-1 significantly improves the catalyst stability.

3.2. Physical and chemical properties of catalysts

In Fig. 2a, the XRD patterns of 5%Ni,;,Y;/KCC-1 showed dif-
fraction peaks of elementary substance Ni® at 44.6°, 51.9° and
76.5° (PDF#04-004-8868). In contrast, the XRD patterns of
5%Ni/KCC-1 showed diffraction peaks of NiO at 37.2°, 43.2°
and 62.8° (PDF#97-006-1544), indicating that Y doping is ben-
eficial for maintaining the metallic state of Ni. Generally speak-
ing, Ni” is the active site over the Ni-based catalysts for DRM,*>

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) XRD patterns of Ni/KCC-1 and NiY/KCC-1 catalysts and KCC-1; (b) N, adsorption—desorption curves and pore width distributions of Ni/KCC-1
and NiY/KCC-1 catalysts; (c) XPS of Ni2p; (d)-(f) HR-TEM images and locally enlarged images of NiY/KCC-1.

and therefore, the huge activity advantage of NiY/KCC-1 over
Ni/KCC-1 was exhibited. Additionally, the images of SEM
(Fig. S7, ESIt) also revealed that the incorporation of Ni and
Y did not change the morphology and structure of KCC-1. In
Fig. 2b the N, isotherm adsorption-desorption curves of KCC-1
and NiY/KCC-1 showed that both exhibit abundant mesoporous
structures, with a pore size of about 2.90 nm and 2.32 nm,
respectively. This implies that Ni and Y are dispersed within the
pore of KCC-1, reducing the pore size of pure KCC-1. X-ray
photoelectron spectroscopy (XPS) analyses of Ni/KCC-1 and
NiY/KCC-1 are shown in Fig. 2c. The binding energy at 852.8
eV, 855.2 eV, and 857.6 eV were attributed to elemental Ni°,
NiO, and NiOH, respectively. The peak position of Ni in NiY/
KCC-1 shifted to a lower binding energy compared to Ni/KCC-1.
Meanwhile, the NiO/Ni ratio in NiY/KCC-1 decreased due to the
electron transfer from Y to Ni. This is consistent with the XRD
analysis results that more Ni° is present in NiY/KCC-1, thus
confirming the electron transfer between Y and Ni. The NiY
particles in NiY/KCC-1 were evenly dispersed throughout the
pores, as observed in the high-resolution transmission electron
microscopy (HR-TEM) images in Fig. 2d. The average Ni particle
size of NiY/KCC-1 was 4.56 nm. The energy-dispersive X-ray
spectrometry (EDS) elemental mapping images (Fig. S8, ESIt)
showcased the uniform distribution of Ni, O, Si, and Y.

According to the UV-Vis-NIR spectra, NiY/KCC-1 exhibits
superior light absorption properties compared to Ni/KCC-
1(Fig. S9, ESIt), enabling it to convert more light energy into
heat, thereby elevating the local temperature of the catalyst and
promoting the DRM reaction.*?

The redox capacity of the catalysts and the adsorption
capacity of the reactants were assessed. In Fig. 3a, the H,-TPR

This journal is © The Royal Society of Chemistry 2025

profiles of NiY/KCC-1 and Ni/KCC-1 exhibited two reduction
regions, the o region and the B region. The o region corresponds
to the reduction of highly dispersed NiO on the KCC-1 surface,**
while the B region corresponds to the reduction of NiO species
interacting with SiO, and lattice oxygen on the SiO, surface. The
a region showed that the reduction peak of NiY/KCC-1 is smaller
than that of Ni/KCC-1, and the reduction peak shifts to a higher
temperature, indicating fewer forms of NiO in the surface NiY/
KCC-1 catalyst. For the B region, due to the interaction of NiO
with Y,0; and SiO,, NiY/KCC-1 exhibited a higher reduction
temperature. These H,-TPR results are consistent with XRD and
XPS results, indicating electron transfer from Y to Ni in NiY/
KCC-1 and that the catalyst is predominantly metallic Ni. In the
CO,-TPD curves, the physical adsorption peak (100 °C) and
chemical adsorption peak (250 °C to 650 °C) of CO, on NiY/
KCC-1 are stronger than those on Ni/KCC-1 (Fig. 3b). Since Y is
close to alkaline earth metals, Y doping in NiY/KCC-1 increases
the basicity of the catalyst, enhancing CO, adsorption. In the
CH,-TPD curves (Fig. 3c), Y doping enhances the methane
adsorption capacity of the NiY/KCC-1 sample across both the
low-temperature physical adsorption and high-temperature
chemical adsorption regions, as electrons transfer from Y to
Ni, thereby increasing the amount of metallic Ni. The above
results indicate that the strong adsorption capacity of CO, and
CH, on NiY/KCC-1 ensures that NiY/KCC-1 shows excellent
DRM catalytic performance.

In situ DRIFTS is also employed to detect the adsorption of
CO, and CH, of the NiY/KCC-1 catalyst. In the in situ DRIFT
spectra of the adsorption of CO, shown in Fig. 3d and Fig. S10a
(ESIY), the adsorption peaks of CO are located approximately at
1920 cm ' and 1819 cm ™ *, the adsorption peak of carbonates is

Nanoscale Horiz., 2025,10, 905-914 | 909
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Fig. 3
temperatures of NiY/KCC-1 under light.

at around 1508 cm™ ', and the adsorption peak of HCO; ™ is

around 1306 cm™ """ It can be observed that these intermedi-
ates appear on the NiY/KCC-1 catalyst at 200 °C under light
irradiation, whereas they only appear on the Ni/KCC-1 catalyst
above 400 °C, indicating that NiY/KCC-1 has superior CO,
activation capability. Under light, the catalyst was also exposed
to a 4% CH,4-N, gas stream, and adsorption experiments were
conducted at 100 °C, 200 °C, 300 °C, and 400 °C, as shown in
Fig. 3e and Fig. S10b (ESIY). Peaks at 1803 cm™ " and 1938 cm ™"
correspond to CO adsorption species, 1517 cm™* corresponds
to carbonate adsorption species, and 1326 cm ™" corresponds to
CH, adsorption. Notably,""*> NiY/KCC-1 can activate methane
at 300 °C to produce these intermediates, while intermediates
show on the Ni/KCC-1 surface up to 400 °C, further demonstrat-
ing that NiY/KCC-1 has superior CH, activation ability. Mean-
while, it was observed that the temperature required to activate
CH, on NiY/KCC-1 is higher than that for CO,, indicating that
CH, activation is the key step in the DRM reaction. Given that
metallic Ni has a higher CH, adsorption activation capability
than NiO,*® the NiY/KCC-1 catalyst with more metallic Ni
exhibits higher catalytic performance (Fig. 3d and e). Therefore,
in situ DRIFT spectra of the adsorption of CO, and CH, are
consistent with the results from the CO,-TPD and CH,-TPD
experiments, explaining the photothermal activity advantage of
NiY/KCC-1 over Ni/KCC-1.

3.3. In situ DRIFTS study

To further investigate the potential mechanism of the DRM
reaction on catalyst surfaces, in situ DRIFT spectra were recorded
for the NiY/KCC-1 and Ni/KCC-1 catalysts. In Fig. 4(a—c), when
exposed to a CO,/Ar atmosphere under light conditions, the
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(@) Hx-TPR, (b) CO,-TPD, and (c) CH4-TPD of Ni/KCC-1 and NiY/KCC-1; in situ DRIFT spectra of the adsorption of (d) CO, and (e) CH4 at various

intensity of the CO, absorption peak on the NiY/KCC-1 surface
changed slowly after switching to the CH, atmosphere, compared
to observations in the dark. This indicates that NiY/KCC-1 is more
favorable to CO, adsorption under light conditions. Since HCOO*
(1374 em™ ", 1398 em™ ") species were detected on NiY/KCC-1 and
Ni/KCC-1 under dark conditions, where HCOO* reacts with H*
species to produce HCOOH, further dissociating into H,0.** This
represents a side reaction in the DRM process, resulting in lower
catalytic efficiency under dark, as light inhibits these side reac-
tions. In contrast, the sample was initially exposed to CH, for 20
min before being switched to a CO, atmosphere, as shown in
Fig. 4(d-f). On the NiY/KCC-1 catalyst, bidentate carbonates (b-
CO;>7, 1617 em™ )*™* and multidentate carbonates (p-CO;>",
1500 cm™")*"~*° were observed under light and dark conditions,
while the Ni/KCC-1 surface showed minimal carbonate intermedi-
ate formation. This indicates that the addition of Y is conducive to
the adsorption and activation of CO,, due to the alkaline proper-
ties. Furthermore, comparing the experiments where Ni/KCC-1
first adsorbed CO, (Fig. 4c) and CH, (Fig. 4f) reveals that there is
competitive adsorption of CO, and CH, in this reaction, with Y
providing additional adsorption sites for CO,.

When CH, and CO, are introduced simultaneously, the
spectrum of NiY/KCC-1 resembles that in Fig. 4a and d, featuring
intermediate species like CO;>~, CH,, CO, and OH.*"** Notably,
under light conditions, the b-CO,>~ peak at 1617 cm ™" decay fast
(Fig. 5a), while its decomposition is more difficult in the dark
(Fig. 5b). Since CO production is linked to the decomposition of
carbonates, light facilitates this process, resulting in increased
CO generation, as evidenced by the increased intensity of the CO
absorption peak. In the absence of light (Fig. 5b), the NiY/KCC-1
catalyst exposed to CH, and CO, exhibits a high-intensity OH

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) and (b) In situ DRIFT spectra of species adsorbed on NiY/KCC-1 by first passing CO, and then CH, under (a) light and (b) dark conditions; (c)
in situ DRIFT spectra of species adsorbed by CO, and then CH,4 on Ni/KCC-1 under dark conditions; (d) and (e) in situ DRIFT spectra of species adsorbed
by CH,4 and then CO, on NiY/KCC-1 under (d) light and (e) dark conditions; and (f) in situ DRIFT spectra of adsorbed species on Ni/KCC-1 through CH,4

and then CO, under dark conditions.

group infrared absorption peak at around 3700 cm™*,>°

ing substantial water formation on the surface. This aligns with
the significant decomposition of HCOO* into H,0, as shown in
Fig. 4b and e. Thus, light irradiation inhibits the hydrogenation
reaction between H species and oxygen-containing substances,
enhancing the H, yield, which is consistent with the increase in
the ratio of H, to CO in the high light intensity in Fig. 1d. Under
dark conditions, the intensity of the CH, absorption peak is
notably higher than that under light, indicating that after the
catalyst completes the process of CH,, the generated CH, inter-
mediates produced from CH, dehydrogenation are not quickly
converted, leading to accumulation on the surface and subse-
quent reduction in the catalytic rate. The spectra of Ni/KCC-1

indicat-
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catalysts also exhibit a large number of OH and CH, absorption
peaks (Fig. S11, ESIY), further proving that light enhanced the
conversion of intermediates and inhibited the side reactions.

3.4. DFT calculations

Using density functional theory (DFT), we established the NiY/
KCC-1 model for cross-sectional (Fig. 6a) and side views (Fig.
S12, ESIY), respectively. The differential charge distribution via
DFT calculations, as depicted in Fig. 5b, reveals electron
enrichment around Ni and depletion around Y, indicating
electron transfer from Y to Ni, consistent with XPS results.
Fig. 5c illustrates the density of states (DOS) analysis for the
spin-up and spin-down orbitals, showing significant reduction

—~

T

~
N
2
HH

NiY/KCC-1-Dark CH, and CO, b-CO.Z ZCH§
CoG p-CO,*

as
Bridge CO
Pas

Kubelka-Munk (a.u.)
3

3 min v ___/._/w-»w"\

1 min ; "

3600 3200 2000 1600 1200
Wavenumber (cm™)

Fig. 5 In situ DRIFT spectra of the reaction between CH4 and CO, at various time intervals over NiY/KCC-1 under light (a) and in the dark (b).
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in the catalyst’s bandgap upon loading Y and Ni, compared to
the KCC-1 support. New mixed electronic states emerge near
the Fermi level, displaying semi-metallic properties, which can
induce surface plasmon resonance and enhance carrier trans-
port, thus improving light utilization. The DOS diagram of NiY/
KCC-1 exhibits significant peaks near the Fermi level (—2 to
0 eV) and around 1.5 eV (Fig. 5d), attributed to the hybridiza-
tion of Ni 3d and O 2p orbitals and electron transfer between Ni
3d and Y 4d orbitals, respectively. This strong d-orbital electron
transfer maintains the metallic Ni valence state, ensuring
excellent photothermal catalytic DRM performance.

3.5. Reaction mechanism

Based on the characterization and DFT calculations, a reason-
able photothermal catalytic DMR mechanism over the NiY/
KCC-1 catalyst was proposed. In this catalyst, nickel is present
as nanoparticles averaging 4.56 nm, while yttrium is found as
partially reduced Y,0;. The Y-doped strategy not only facilitates
the adsorption and activation of CO, but also maintains the
metallic Ni valence state through strong d-orbital electron
transfer, and therefore more hot electrons are produced via
the LSPR effect on metallic Ni and then can be injected into the
LUMO orbitals of adsorbed CH,, electronically exciting CH,
species and thereby accelerating the cleavage of the C-H
bond.”® The H* species generated from the dissociation of
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CH, on Ni react with CO, to form various intermediates such
as CO,>~ and HCOO*. These intermediates further break down
to form CO. Under light-assisted conditions, it is favorable for
the cleavage of CH, to produce H*, but not conducive to the
formation of HCOO¥*, thus avoiding the formation of by-
products such as H,O. It is worth noting that there are many
carbonate adsorbates on NiY/KCC-1 under dark conditions,
indicating that CO, can be adsorbed on YO,, while Ni sites
are active on CH,. Therefore, the Y-doped NiY/KCC-1 sample
can enhance the adsorption and activation of CH, and CO, by
reducing site competition. This bimolecular activation mecha-
nism (L-H mechanism) significantly lowers the reaction energy
barrier, thus showing excellent photothermal activity on NiY/
KCC-1 (Fig. 7).

4. Conclusion

In summary, the Y-doped nickel-based catalyst NiY/KCC-1
exhibits excellent activity for DRM under photothermal condi-
tions, far surpassing the thermal equilibrium limitation. The
photothermal catalytic performance over NiY/KCC-1 can
achieve a CO rate of 90 mmol g~ h™" at 450 °C, maintaining
stability over 40 hours. Various characterization techniques and
DFT theoretical calculations demonstrated that Y-doping
enhances CO, adsorption and activation, facilitating electron
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Fig. 6 (a) The NiY/KCC-1 model used for calculation. (b) The differential charge density between the Ni and Y atoms. The (c) total density of states

(TDOS) and (d) projected density of states (PDOS) analysis of NiY/KCC-1.
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Fig. 7 Tentative mechanism of photothermal MDR on NiY/KCC-1 catalysts.

transfer from Y to Ni in the NiY/KCC-1 catalyst. This d-electron
transfer helps Ni retain its metallic state, increases CH, active
site availability, and significantly boosts the photothermal
effect as well, resulting in superior photothermal catalytic
performance. Similar rare earth metal doping strategies for
the design of efficient photothermal catalysts provide new
insights and pave the way for achieving superior catalytic
performance by utilizing photothermal synergy.
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