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rable methane dry reforming over single atom Ni active sites on CeQO:
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ABSTRACT: Dry reforming of methane (DRM) has been in-
vestigated for more than a century, the paramount stumbling
block in its industrial application is the inevitable sintering of
catalysts and excessive carbon emissions at high temperatures.
However, the low-temperature DRM process still suffered the
poor reactivity and severe catalyst deactivation from coking.
Herein, we proposed a concept that highly durable DRM could
be achieved at low temperatures via fabricating the active sites
integration with light irradiation. The active sites with Ni-O co-
ordination (Niga/CeQ,) and Ni-Ni coordination (Nixp/CeO-) on
CeO, respectively, were successfully constructed to obtain two
targeted reaction paths that produced the key intermediate
(CH30%*) for anti-coking during DRM. In particular, the oper-
ando diffuse reflectance infrared Fourier transform spectros-
copy coupling with steady-state isotopic transient kinetic anal-
ysis (operando DRIFTS-SSITKA) was utilized and success-
fully tracked the anti-coking paths during DRM process. It was
found that the path from CHs* to CH30* over Nisa/CeO, was
the key path for anti-coking. Furthermore, the targeted reaction

path from CHs* to CH30* was reinforced by light irradiation
during the DRM process. Hence, the Nisa/CeO; catalyst exhib-
its excellent stability with negligible carbon deposition for 230
h under thermo-photo catalytic DRM at a low temperature of
472 °C, while Ninp/CeO, shows apparent coke deposition be-
havior after 0.5 h in solely thermal-driven DRM. The findings
are vital as they provide critical insights into the simultaneous
achievement of low-temperature and anti-coking DRM process
through distinguishing and directionally regulating the key in-
termediate species.

B INTRODUCTION

Dry reforming of methane (DRM, CH,; + CO, — 2CO + 2H,
AH>95k=247 kJ mol ™) is a promising approach to fixing the top
two greenhouse gases with intangible carbon emissions.'? ¥6
However, no commercial process is available, mainly attributed
to high energy consumption coupled with the lack of highly
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durable catalysts. Many efforts have been made for that over the
past decades; Song et al. reported that Ni-Mo nanocatalysts on
single-crystalline MgO exhibited durability for 850 h, but the
input temperature required up to 800 °C.” The high energy pen-
alty (1100 °C) is unavoidable, although molten metal alloys
were proposed not to be affected by coking.' The activation of
CH4 and CO; during DRM was achieved under low tempera-
tures, while fast deactivation of catalysts would occur due to the
coking deposition resulting from the side reactions involving
either CHs or CO,.%'° The contradiction between low reaction
temperatures and anti-coking is an enormous stumbling block
for its application.

Intermediate species are vital for achieving anti-coking DRM
because the slight change in the interplay of catalyst-adsorbate
can lead to a considerable alteration in the overall catalytic pro-
cess.!! The methoxy (CH;0*) has been commonly proposed to
be a crucial intermediate for avoiding coke deposition by the
density functional theory (DFT) studies.'!* Nevertheless, un-
raveling the active centers and unlocking the generating path-
way of CH;O* intermediate to achieve durable activity during
the DRM process are still to be black boxes. The difficulty
arises that both CH, and CO, reactants are the sources of car-
bon-containing intermediates, which results in multi-side reac-
tions simultaneously producing CH;O%*, including the oxidation
of methyl (CH;* + O* — CH30%*) and hydrogenation of carbon
dioxide (CO,* + SH* — CH3;O0* + H,O%*). Therefore, the
CH30* intermediate during the DRM process cannot be disen-
tangled from the parallel reaction pathways by conventional
spectroscopic techniques.'>!® More seriously, both the dissoci-
ation of CH, and the activation of CO; could involve in carbon
depostion,!” which are much faster than the rate of CH;0* in-
termediate formation at low temperature, whereby leading to
the heavy carbon deposition. Recent studies revealed that the
targeted active intermediate could be enhanced by the external
field."® For instance, Lee et al attributed the enhanced CO, hy-
drogenation activity due to the light irradiation promoting CO,
intermediate dissociation on the Ru surface.'” Scott et al. re-
vealed that the light-enhanced formate (HCO,*) intermediate
species achieved an eightfold improvement of the Sabatier re-
action rates on NiOy/La;O3@Ti0,.%°

Herein, low-temperature DRM with high durability was
achieved via constructing the targeted active center in combina-
tion with the light irradiation. Two reaction paths, the oxidation
of CH3* and the hydrogenation of CO,, during the DRM pro-
cess were achieved by designing the Ni-O and Ni-Ni active sites,
respectively. More importantly, for the first time we revealed
that the active sites with Ni-O coordination was favorable to
convert CHs* into CH30* and subsequently produced CO and
Ho, thus exhibiting no coking behaviors, while the CH;0* gen-
erating from the hydrogenation of CO, results in coking over
the active center with Ni-Ni coordination through the operando
diffuse reflectance infrared Fourier transform spectroscopy
coupling with steady-state isotopic transient kinetic analysis
(operando DRIFTS-SSITKA). Furthermore, the path from
CH3s* to CH30* over the Ni-O site was reinforced by light irra-
diation, which accelerated the generation and conversion of
CH;0%* during the DRM process. As a result, the catalyst with
Ni-O coordination showed stability for 230 h with negligible
carbon deposition in thermo-photo catalytic DRM at 472 °C,
while the catalyst Ni-Ni coordination exhibited distinct coke
deposition behavior after 0.5 h in thermal catalytic DRM.

B EXPERIMENTAL SECTION

Materials. The nickel nitrate hexahydrate (Ni(NOs),-6H,0)
and cerium nitrate hexahydrate (Ce(NOs);-6H,0) were 99.99%
and 99.95%, respectively. The sodium hydroxide (NaOH) was
> 98%. The CeO, nanorods were obtained with the hydrother-
mal method.?! The sodium hydroxide solution (Caon = 0.01
mol L', 35 mL) was added to cerium nitrate solution (0.868 g
of Ce(NOs);-6H,0 in 5 mL of deionized H,O) by drops and
stirred for 30 min, then, transferred the white precipitates into a
100 mL Teflonlined stainless-steel autoclave and hydrother-
mally heated for 24 h at 100 °C. After centrifugation and drying,
the obtained samples were calcined at 600 °C for 2 h in an air
atmosphere. The Ni was loaded on the surface of CeO, using a
wet impregnation method. In more detail, 1.0 g of CeO, was
added into 50.0 mL of an aqueous solution of 0.049 g and 0.148
g of Ni(NOs),-6H,0 to obtain Nisa/CeO, and Nixp/CeO> cata-
lyst, respectively. Then, the extra water was evaporated at 80 °C
until dryness. After that, the mixture was calcined at 400 °C for
2 h under air.

Catalytic reactions. The thermo-photo and thermal catalytic
reactions were measured at atmospheric pressure in a Harrick
cell reactor with a flat cover and a quartz window. The intensity
range of the UV-vis irradiation (320-800nm, PerfectLight PLS-
FX300HU) focused on the reactor was 1.1-2.4 W cm? with a
1.0 cm diameter of the irradiation spot. All the gases used in this
study were 99.99%. Before the catalytic reaction, the catalysts
were in situ oxidized in the cell with 5 vol% O,/Ar with a flow
rate of 80 mL min"' controlled by a mass flow controller
(Bronkhorst) at 450 °C for 30 min. Then, the catalysts were in
situ reduced with 5 vol% H,/Ar with a flow rate of 80 mL min
!, controlled by a mass flow controller (Vdgtlin), at 450 °C for
30 min. After that, the catalysts were cooled down to room tem-
perature in the Hy/Ar atmosphere. A feed stream of 20 vol%
CH,4 and 20 vol% CO, balanced with Ar controlled by mass
flow controllers (Vdgtlin) continuously flowed through the re-
actor at a flow rate of 10 mL min', respectively. The reaction
gases and production gases were analyzed by using gas chro-
matography (Shimadzu GC-8A) equipped with a thermal con-
ductivity detector (TCD) and flame ionization detector (FID),
and a mass spectrometer (OmniStar GSD-320, Pfeiffer Vac-
uum).

In situ Raman spectra. The in-situ Raman spectra were per-
formed by a high-resolution Raman spectrometer system
(Horiba LabRam HR) equipped with 473 nm laser excitations
in a Harrick Raman high-temperature reaction chamber with a
25 mm thick mica window facing the incoming laser. The spec-
tra recording process is consistent with the thermo-photo and
thermal catalytic DRM reaction. For the CH4/C"0O, experi-
ments, the Ni/CeO, sample was pretreated with O, and H, re-
spectively, at 450 °C for 30 min. Then, the gas was switched
from C'%0,/CH4/Ar to C'®0,/CHa4/Ar after being reacted for 30
min. The Raman spectra were collected after 5, 10, and 15min.

The operando DRIFTS coupled SSITKA. The operando
DRIFTS coupled SSITKA measurements were 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 Praying Man-
tis) with ZnSe windows. The infrared data were accumulated by
recording 100 scans with a resolution of 4 cm™'. The Ni/CeO,
catalyst (25 mg) was gently pressed onto an inert metal mesh
covered with silica (30 mg, 100-200 um) at the bottom of the
sample holder, and the outlet gas was detected by a mass spec-
trometer (OmniStar GSD-320, Pfeiffer Vacuum). For CO probe



experiments, the Ni/CeO, sample was pretreated with O, and
H,, respectively, at 450 °C for 30 min. The background spectra
of CO adsorption experiments were recorded in pure Ar gas
(controlled by Vogtlin mass flow controller), purging the pre-
treated catalysts for 30 min, at 10 °C. Then, the catalysts were
exposed to 10 vol% CO/Ar with a flow of 10 mL min™! (con-
trolled by KOFLOC mass flow controller) at 10 °C. For the
DRIFTS-SSITKA, the background spectra were obtained by
purging the pretreated catalysts in pure Ar gas for 30 min. The
gas composition and flow rate aligned with the catalytic tests.

The XPS characterization. The NAP-XPS spectra were rec-
orded on a commercial SPECS AP-XPS chamber equipped with
a PHOIBOS 150 NAP hemispherical analyzer and monochro-
matic SPECS p-FOCUS 600 NAP X-ray source, Al Ka line (hv
= 1486.6 e¢V). The Ni/CeO, powder was pressed on a copper
plate and then loaded into the AP-XPS chamber. After the
thermo-photo DRM reaction in the NAP-XPS chamber, the cat-
alysts were transferred to an XPS chamber (Thermo ESCALAB
Xit) through the Vacuum Interconnected Nanotech Work-
station in Suzhou (Nano-X). Then, the quasi in situ XPS meas-
urements were performed emission with Al Ka at 1486.6 eV.
All the binding energies were corrected with reference to the C
Is at 284.8 eV.

l RESULTS AND DISCUSSION
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The synthesis and structural characterizations of the Ni spe-
cies on ceria. CeO, was chosen as the catalyst support because
of its capacity to uptake and release oxygen, benefiting from the
rapid and reversible transformation between Ce** and Ce**.>>%
Nickel is commonly considered to be the active component ow-
ing to the impressive ability to break the C-H bond of CH,.2>2
The Gibbs free energy change (AG) of the catalyst with Ni-O
coordination from DFT calculations indicates that the first C-H
bond cleavage on CH, at low temperature (-1.94 eV) is thermo-
dynamic favorable (Figure Sla and Table S1). More im-
portantly, the formed CH3* is favorable to react with the oxygen
to form CH3;O* instead of cleaving on the Ni-O site (Figure S1b,
Table S2 and S3). In contrast, on the Ni-Ni site, the CH3* spe-
cies is more inclined to form CH,* and H* (Figure Slc, Table
S2 and S3). Furthermore, combined with the density of states
(DOS), the formation of Ni-O coordination on the catalyst sur-
face significantly weakens the Ce-O bonds, which accelerates
lattice oxygen to be involved in the formation process of CH;O*
(Figure S2). These results demonstrate that the targeted design
of Ni-O active site can produce CH;O0* species through the path
of CH;* oxidation, while this is unfavorable over the Ni-Ni ac-
tive site. Therefore, we constructed the active sites with Ni-O
coordination by atomically dispersing Ni atoms (Nisa/CeO,) on
the CeO, matrix. Meanwhile, the reference catalyst with Ni-Ni
coordination was prepared by fixing Ni nanoparticles
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Figure 1. Microstructures and coordination environment of the CeQ,, Nisa/CeQ;, and Nixp/CeO;. (a) The high-resolution
high-angle annular dark-field scanning transmission electron microscopy (HR-HAADF-STEM) image of CeO,, (b) the HR-
HAADF-STEM images, (¢) the corresponding intensity profiles of the scans, (d) the amplified resolution image, (e) the energy
dispersive spectrometry (EDS) elemental mapping images of Nisa/CeO; catalyst after H, pretreated at 450 °C. (f) The corre-
sponding k?-weighted Fourier transform extended X-ray absorption fine structure (EXAFS) spectra in R space of Nisa/CeO, and
Nine/CeO; after H, pretreated at 450 °C. The in situ DRIFTS of CO chemisorption at 10 °C on (g) Nisa/CeO,, and (h) Nine/CeO,

after H, pretreated at 450 °C.



(Ninp/CeO3) on the CeOs support. The details of catalyst prepa-
ration were presented in the experimental sections. The surface
areas Sger of Nisa/CeO: and Ninp/CeO, catalysts are 74 m?/g
and 71 m?%g, respectively (Figure S3). The loading of Ni in
Nisa/CeO; and Ninp/CeO; catalysts is 0.76 wt% and 2.61 wt%,
respectively by inductively coupled plasma optical emission
spectroscopy (ICP-OES). The diffraction peaks in the X-ray
diffraction (XRD) patterns of Nisa/CeO, and Ninp/CeO, cata-
lysts are characteristic of the typical fluorite structure of CeO»;
no signals attributed to NiO and Ni metal were observed (Figure
S4). In addition, no NiO and Ni nanoparticles reflections could
be found in the ultraviolet-visible diffuse (UV-vis) absorption
spectrum of Niga/CeO; (Figure S5), which indicates the high
dispersion of Ni on CeO,.

The fabricated CeO, showed nanorod morphology (Figure S6).
The HR-HAADF-STEM images (Figure 1a) show the lattice
fringes of CeO,, with an interplanar spacing of 0.31 nm, corre-
sponding to the (111) plane of CeO,.””® For Nisa/CeO,, the Ni
atom cannot be observed from the HR-HAADF-STEM images
due to its much lighter element than Ce (Figure 1b). Meanwhile,
the bright dots with higher contrast than the surrounding CeO»
lattice observed in Figure 1c and d may be attributed to the over-
lapping Ni and Ce atoms. Furthermore, the Ni species main-
tained highly dispersed on the CeO,nanorods from the mapping
result (Figure le). In contrast, the pronounced agglomeration of
Ni with particle size ~10 nm can be observed in the Nixp/CeO-
catalyst (Figure S7). The Ni-O coordination of Niga/CeO, cata-
lyst was confirmed in Ni K-edge XANES spectra (Figure S8).
In contrast, it exhibits a marked decrease in Ninp/CeO,. The
EXAFS fitting curves and structures (optimized by DFT) of
Nisa/CeO; and Ninp/CeO, (Figure 11, S9, and Table S4) implied
two signals at approximately 1.87 A (C.N. = 2.0) and 2.40 A
(C.N. = 2.0) assigned to Ni-O and Ni-Ce scattering, respec-
tively, are unambiguously observed for the Niga/CeO,. No

contribution of Ni-Ni scattering could be found, which confirms
that the Ni species is atomically dispersed on the surface of
CeO; nanorods with the Ni-O coordination in Niga/CeO». In
contrast, a Ni-Ni contribution at 2.16 A (C.N. =3.0) is observed
in Ninp/CeOs, indicating the presence of Ni-Ni coordination.'
Furthermore, the wavelet transformation (WT) exhibited signif-
icant Ni-Ni contribution in Ning/CeQ,, while only a Ni-O con-
tribution was found for Nisa/CeO, (Figure S10).%-3

The in situ DRIFTS of CO chemisorption revealed that the
Niga/CeO; catalyst only exhibited a linearly adsorbed CO peak
(2064 cm™) on Ni species (Figure 1g, and S11),3!32 while the
spectrum of Ninp/CeO; catalyst showed a remarkably bridged-
CO peak at 1945 cm™' due to the interplay of CO with the Ni
nanoparticles (Figure 1h).>33 The above results corroborated
that the Ni atomically dispersed on CeO, nanorods over
Niga/CeO; catalyst with Ni-O coordination, while the Ni spe-
cies exist on the surface of CeO, nanorods as nanoparticles over
Nine/CeO, with Ni-Ni coordination. Moreover, the Ce L-edge
XANES indicates a stronger interplay of the orbitals in
Niga/CeO; than that in Ninp/CeO; between CeO, matrix and Ni
species (Figure S12 and Table S5). Similar results can also be
found in the electron paramagnetic resonance (EPR) spectra
(Figure S13a) and the H, temperature-programmed reduction
(H>-TPR, Figure S13b). Therefore, the strong electronic metal-
support interaction (EMSI) between atomically dispersed Ni
and CeO; over Niga/CeO, with Ni-O coordination could occur
due to the tremendous electronic perturbation on the interface,
which contributes to anchoring the atomically dispersed Ni on
the surface of CeO; and also for the more robust oxygen migra-
tion capacity than Ninp/CeO, with Ni-Ni coordination.

The catalytic performances and anti-coking ability of DRM
reactions.
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Figure 2. The performances and anti-coking ability of Nisa/CeO; and Nixp/CeQ; catalysts in DRM reaction. (a) H, and
CO yields under thermal catalysis. (b) H, and CO yields under thermo-photo catalysis. (¢) The long-term stability of the

thermo-photo catalytic DRM reaction over Nisa/CeO, and

Ninp/CeO, catalysts at 472 °C. Reaction conditions:

CH4/CO,/Ar=1/1/3, a total flow rate of 20 mL min', 25 mg catalyst, 300 W Xe lamp.
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The DRM catalytic reaction rate shows an ignorable increment
between Ni-O and Ni-Ni coordination under thermal catalytic
condition (Figure 2a, S14a, and b). Interestingly, under thermo-
photo conditions at the same surface temperature as thermal cat-
alytic condition, calibrating by the thin contact thermometer
with K-thermocouple (Figure S15), the Nisa/CeO; catalyst pro-
vided a significantly higher catalytic reaction rate than that of
the Ninp/CeO, catalyst (Figure 2b, Sl4c, and d). Specifically,
under thermo-photo catalytic conditions at 472 °C, the yields of
H, and CO for Nisa/CeO; catalyst achieve 8.56 mol moly;!
min~!, and 7.68 mol moly; ! min™!, respectively, which are ap-
proximately four times higher than those for Nixp/CeO; catalyst
(1.97 mol molxi ! min™!, and 1.22 mol moly; ™' min™!, respec-
tively). More importantly, with light irradiation, the conversion
of CH4and CO; increased from 8.8% and 9.4% to 16.5% and
16.2%, respectively, which breaks the limitation of thermody-
namic equilibrium at the same temperature (Figure S16). This
was evidenced via near-ambient-pressure (NAP) X-ray photoe-
lectron spectroscopy (XPS), whereby the CH, groups and car-
bonate species on Ni/NiO were detected in the spectra of both
Nisa/CeO, and Ninp/CeO»,** and the light irradiation acceler-
ated the conversion of CH, and CO, (Figure S17). Meanwhile,
the light-to-chemical energy reached 1.6% at 2.4 W cm’!, which
was higher than that reported under a similar light intensity.**
The conversion rate of CH, and CO, were 14.1 pmol min™' and
14.9 pmol min’', respectively; the generation amount of CO was
27.7 pmol min™', indicating a carbon balance of 0.96 that was
close to the theoretical number of 1.0. The ratio of H,/CO de-
creases with the rising of temperatures in thermal catalytic
DRM reaction for both Nisa/CeO, and Ninp/CeO: catalysts due
to the occurrence of reverse water gas shift (RWGS) reaction.
On the contrary, the H,/CO ratio was always maintained at ca.
1.0 for Nisa/CeO; catalyst, and it also tends to increase with the

temperatures rising for Ninp/CeO catalyst in thermo-photo con-
dition (Figure S18), which is consistent with the reported phe-
nomenon.*® In particular, the performance of Niga/CeQ; is im-
pressively stable under the thermo-photo catalytic DRM reac-
tion at 472 °C even after 230 h (Figure 2c), which showed ex-
cellent stability among the thermal and thermo-photo catalytic
DRM at a temperature less than 600 °C (Table S6 and S7). In
comparison, a rapid decrease was found for Ninp/CeO, when
the reaction was performed under the thermo-photo condition.
In addition, both the Niga/CeO, and Ning/CeO, catalysts
showed apparent deactivation phenomena in the thermal-driven
DRM process (Figure S19).

The deactivation of catalysts in DRM can be attributed to two
factors, including the coke depositing on the active sites and the
sintering of active metals. The EXAFS spectra of Ni K-edge
over Niga/CeQ, during thermo-photo catalytic DRM reaction
after 230 h still maintained the Ni-O coordination (Figure 3a
and S20). Also, no Ni° signals appeared from the results of XPS
of Ni 2ps» (Figure 3b and S21).'*3* These results demonstrate
that the Ni species over Niga/CeO; catalyst still maintained the
Ni-O coordination without any agglomeration during thermo-
photo catalytic DRM reaction. Besides, the Nisa/CeO; catalyst
after reaction exhibited lower O, consumption and CO, produc-
tion than Ninp/CeO, (Figure S22), indicating that the deactiva-
tion of catalysts may be caused by coke deposition. Importantly,
there was a negligible carbon deposition on the Nisa/CeO; cat-
alyst even after the 230-h reaction under thermo-photo condi-
tions (Figure 3c). Meanwhile, no carbon nanotubes were de-
tected in TEM (Figure 3d). However, after thermo-photo cata-
lytic DRM reaction over Ninp/CeO,, apparent coke deposition
and carbon nanotubes were observed (Figure 3¢ and €).!>*" This
also reflected on the catalytic activity that Ning/CeO, showed
much lower active rate during thermo-photo DRM process. In
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Figure 3. The microstructures and coordination environment of Nisa/CeO; and Ninp/CeQO; after the DRM reaction
process. (a) The corresponding k>-weighted EXAFS spectra of Ni K-edge Nisa/CeO,, and Nixp/CeO> after thermo-photo
catalytic DRM reaction. (b) The quasi in situ XPS of the Nisa/CeO, and Ninp/CeO; after thermo-photo catalytic DRM reaction.
(¢) The Raman spectra (Ax=473 nm) of Nisa/CeO, and Ninp/CeO, catalyst after thermal and thermo-photo catalytic DRM
reaction, respectively. The TEM images of (d) Nisa/CeO, and (e) Nixp/CeO> after the long-term stability test under thermo-
photo condition, and the TEM images of (f) Nisa/CeO, and (g) Ninp/CeO, after the long-term stability test under thermal

condition.



the absence of light irradiation, an evident coking phenomenon
and carbon nanotubes can be observed both in Nisa/CeO, and
Ninp/CeO; (Figure 3f and g). The dynamic carbon deposition
analysis from in-situ Raman indicated that the cracking rate of
CH, over Ninp/CeO; was faster than that over Niga/CeO, (Fig-
ure S23a and b). Furthermore, for the Niga/CeO; catalyst, no
characteristic peak associated with coke deposition was ob-
served from 193 °C to 472 °C under thermo-photo catalysis
from in-situ Raman (Figure S23c). Considering that the coking
degree is highly correlated to the CH4 conversion. We com-
pared the stability of thermo-photo catalytic DRM under the
similar CH4 conversion (19%) over Nisa/CeO, (Figure S24a)
and Ninp/CeO, (Figure S24b), respectively. Interestingly, the
Ninp/CeO; catalyst showed an obvious deactivation phenome-
non, and serious carbon deposition was observed in catalyst af-
ter the reaction. The thermogravimetric/differential thermal
analysis (TG/DTA) thermograms over Nisa/CeO, and
Ninp/CeOs, respectively, after long-term stability of the thermo-
photo catalytic DRM were obtained to be more quantitative to
discuss the amount of coked carbon (Figure S24c). The
Niga/CeO, sample exhibited negligible carbon deposition,
while evident coking can be observed in Ninp/CeO,. This is con-
sistent with the phenomenon observed in TEM and Raman
spectroscopy.

From the above analysis, in the absence of light irradiation, the
catalyst with Ni-O coordination occurs apparent deactivation
after 8 h due to coke deposition, while the inactivation starts
after only 1 h for the catalyst with Ni-Ni coordination. With
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light irradiation, the coking still occurs on the surface of the cat-
alyst with Ni-Ni coordination, while excellent stability (> 230
h) can be achieved for the catalyst with Ni-O coordination.
Therefore, the synergistic effect of both Ni-O coordination and
light irradiation is vital to endow the DRM reaction with excel-
lent anti-coking ability.

The effect of Ni-O and Ni-Ni active sites on the anti-coking
reaction paths. The in situ Raman under thermo-photo condi-
tions in CO and CH4 gas atmospheres, respectively, over
Nisa/CeO; (Figure S25) demonstrated that the coking on the
catalyst mainly came from the excessive cracking of CH, during
the DRM process, consistent with previous work.>> Especially,
the quick dehydrogenation process (CH; — CH,— CH—C)
would occur once the initial C-H cleavage of CHs (CHs—
CH3+H)®. The CH;0* (path 1, CH;*+0*—CH;0%) has been
regarded as the critical intermediate to avoid this excessive de-
hydrogenation process during the DRM process.'*!* According
to the DFT calculation results (Figure S1, Table S2 and S3), the
reaction path from CH3* to CH;O0* is favorable on the active
site with Ni-O coordination owing to the superior mobility of
CeO; surface lattice oxygen atoms (path 1). Meanwhile, the
CH30* could also be formed through hydrogenating CO» (path
2, COy*+4H*—CH30 +OH*) during the DRM process.

However, the contribution of two paths for the anti-coking has
never been unlocked during the DRM reaction process. More
seriously, the conventional DRIFTS cannot distinguish the
CH;0%* reaction pathways due to the CH30* is simultaneously
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Figure 4. The operando DRIFTS-SSITKA of thermo-photo catalytic DRM reaction. The operando DRIFTS of (a)
Nisa/CeOs, and (b) Ninp/CeOs. The operando DRIFTS-SSITKA of (¢) Nisa/CeO», and (d) Ninp/CeO- during thermo-photo
catalytic DRM reaction at 472 °C (light intensity: 2.4 W c¢m™). The catalyst was pretreated under an Hy/Ar environment
followed by introducing a "?CH./'?CO»/Ar and *CH,/"*CO,/Ar gas mixture (flow rate =20 mL min™', ratio =1:1:3).
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produced from either path 1 or path 2. This further leads to the
inability to uncover the reaction pathways of intermediates for
anti-coking. To track the surface adsorbates (CH3;0*) and iden-
tify the generation path of CH;O* for anti-coking during the
DRM reaction, we devised a highly innovative and unique op-
erando DRIFTS coupled SSITKA system. The specific work-
ing principle is depicted in Figure S26; By this method, we can
successfully decouple the parallel intermediate of CH;O* path-
ways that could come from path 1 or path 2.2*3*%° Based on this,
we can further disclose the contribution of key intermediate
(CH30%*) generation paths for anti-coking.

The DRIFTS and mass spectrometry (MS) data during both the
thermal and thermo-photo catalytic DRM were collected over
Nisa/CeO; and Ninp/CeO; (Figure S27 and S28). For both the
thermal and thermo-photo catalytic DRM process, the MS data
demonstrate that the intensities of CH4 and CO, reactants
weakly decreased, and the number of products CO and H, in-
creased over both Niga/CeO, and Ninp/CeO> as the temperature
increased (Figure S27 a, c, and S28 a, c¢). The same tendency
can also be observed in DRIFTS (Figure S27 b, d and S28 b, d).
The noticeable increasing tendency of methoxy species (CH;0%*)
was observed over Nisa/CeO,; and Ninp/CeO, with the

temperature increasing during the thermal and thermo-photo
catalytic DRM process in Figure 4 a, b and S29 a, b (marked in
the yellow area, from 1010 cm™ to 1084 cm™).*"**® The gas was
switched from '2CO»/'’CHs/Ar to "*CO,/'>CH4/Ar after the
highest conversion rate was reached and stabilized. The groups
related to CO, can give rise to pronounced characteristic isotope
effect peaks during the reaction re-equilibrating process
(marked in the blue area). Interestingly, no isotope effect can be
found assigning for the CH;0* over Nisa/CeO, after switching
the gas from '>CO, to “CO, in the DRIFTS-SSITKA of
Nisa/CeO; (Figure S29c¢). On the contrary, the region attributed
to CH30* showed an isotope effect for the Ninp/CeO, catalyst
in Figure S29d (the blue area located at 1020 cm™). More criti-
cally, with light irradiation, the DRIFTS-SSITKA of Nisa/CeO»
exhibit no characteristic isotope effect peaks involving CH;0*
species (Figure 4c), while remarkable isotope signals were de-
tected in Ninp/CeO; in Figure 4d (the blue area). These results
reveal that the CH3O* originated from CH4 on Nisa/CeO» via
path 1, while it was produced from the CO, over Nixg/CeO> via
path 2 for both the thermal and thermo-photo catalytic DRM.
Also, the DOS of CH3;O* adsorbing on Nisa/CeO, and
Nine/CeO, (Figure S30) indicates that the d band center of
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Figure 5. The operando DRIFT-SSITKA and in situ Raman spectra of DRM reaction over Nisa/CeO,. The DRIFTS of
DRM process under different temperature (a) with light irradiation and (b) dark. The in sifu Raman spectra of DRM process at
472 °C (light intensity: 2.4 W cm%; flow rate =10 ml min™', CH4/C'®0/Ar =1:1:3) (¢) with light irradiation and (d) dark.
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Nisa/CeO; (-2.16 V) exhibits a clear downshift compared with
Nine/CeO; (-1.65 eV). This finding indicates the electrons are
more readily transferred to the bonding orbitals of adsorbates
(CH30%*) on Nisa/CeO; than Ninp/CeO,, which would acceler-
ate the formation of CH3;O* on Nisa/CeO,. Therefore, for
Ninp/CeO,, the transformation from CH;* to C* will occur once
the first C-H bond of CHy is cleaved, eventually producing cok-
ing, while the CH;* will react with coordinated O to produce
CH;0%* for Nisa/CeO,. All in all, the role of Ni-O coordination
structure is responsible for the formation of CH;O* through ox-
idizing the CH3* from CH, dehydrogenation with or without
light irradiation. Nonetheless, in the absence of light irradiation,
the Nisa/CeO, catalyst still suffered from deactivation, which
demonstrates that light irradiation also plays a vital role in elim-
inating coke deposition.

The role of light irradiation for anti-coking over Nisa/CeO:.
Based on the built operando DRIFTS-SSITKA, the contribu-
tion of light irradiation during the DRM process over Nisa/CeO-
could be revealed. The gaseous CO, (2360 cm™),* CH, (3013
cm! and 1301 cm™),*® and the adsorbed carbonate/bicarbonate
(COs*/HCOs*, 1580 cm™')* species gradually decrease as the
temperatures increase in both thermal (Figure S27b) and
thermo-photo (Figure S28b) catalytic DRM. In particular, with
light irradiation, the formate (HCO,*) species shows a noticea-
bly increasing trend (Figure 5a). The linearly adsorbed CO was
gradually reduced due to its desorbing from the surface, mean-
while, the bands of gaseous CO enhanced progressively.*” How-
ever, in the dark, a fragile change was detected (Figure 5b).
Moreover, in the case of more abundant gaseous CO for the
thermo-photo process, the intensities of linearly adsorbed CO
were gradually decreased, while remarkable linearly adsorbed
CO was observed with the temperature increased for the DRM
without light irradiation (Figure 5 a and b). This phenomenon
elucidated that the light irradiation empowers the Nisa/CeO-
catalyst with more excellent catalytic activity than that under
thermal catalytic DRM by promoting the conversion of car-
bonates to CO, and the subsequent desorption of CO. More im-
portantly, —after switching from '2COy'">CH4/Ar to
3CO,/">CH4/Ar, more particularly characteristic isotope effect
of gaseous and linearly adsorbed CO could be observed for the
DRM process in the dark compared to the process under light
irradiation (Figure S31). This indicates that more CO derives
from the contribution of path 1 (the process of CH;O* interme-
diate) under light irradiation. This further substantiates that
light irradiation accelerates the conversion process from CH;O0*
to CO. The C'®0, isotope labeling in-situ Raman experiments
over Nisa/CeO, was performed to further reveal the light con-
tribution to the formation of CH3;O*. The movement of Ce-O
signal over time exhibits a more prominent movement under
light irradiation (27 cm™) than that under dark conditions (18
cm™!) during the DRM process (Figure 5 ¢ and d). This demon-
strates that the light accelerates coordinated oxygen involving
the formation of CH3O*. Furthermore, the tope labeling exper-
iment (C"®0,/CHs) under thermo-photo condition over
Niga/CeO; was performed at 472 °C to make clear how the ox-
ygen of ceria participate in the reaction (Figure S32a). By con-
trast, the thermal catalytic DRM experiments without light at a
higher reaction temperature (500 °C, 600 °C, and 700 °C) were
also performed (Figure S32b). With light irradiation, the
amount of C'°0, deriving from the ceria, exhibited an increas-
ing trend, which is much higher than that of in thermal catalytic
DRM even at 600 °C. This demonstrates that the oxygen of ceria
participates in the formation process of CO, and light irradiation

can accelerate this process. Besides, the formation of CO under
light irradiation at 472 °C could be close to that under 600 °C
without light irradiation, indicating a significant of light effect
on the activity.

Therefore, the path from CH3* to CH;O0* was essentially deter-
mined by the designed Ni single-atom with Ni-O coordination
at Ni-CeO, interface. Over the Nisa/CeO,, the path from CHs*
to CH3O* was essentially determined by the designed Ni-O
sites at the Ni-CeO; interface. Meanwhile, light irradiation can
promote the generation and conversion of CH;O* intermediate
over Niga/CeO,. The speculated mechanism of thermo-photo
catalytic DRM shown in Figure S33, the photo-excited ener-
getic electron generated from the CeO, conduction band mi-
grates to the surface and accumulates on the Ni active sites,
thereby accelerating the conversion rates by depositing energy
to intermediates and further elongating the C=0O and C-H bonds.
Meanwhile, the photogenerated holes in the valence band of
Ce0; would generate O* by reacting with coordinated O of the
Ni-O site, then reacting with CH3* to produce CH;O0*. Also,
under light irradiation, the photothermal heating from the decay
of photogenerated carriers would exacerbate the vibration of the
Ni-O bond and elongate the Ni-O bond, which results in the co-
ordinated O would be more likely to migrate out and participate
in the formation of CH3;O*. However, the CH3;0* generates
from the hydrogenation of CO, over Nixp/CeO,. This demon-
strates produced CH3* from CH4 dehydrogenation continues to
dehydrogenate rather than participate in the oxidation process,
eventually resulting in coking.

Over the past century, DRM is normally performed under high
temperatures to achieve a highly durable activity, which heavily
hindered the industrial level application. Compared with the
previous DRM studies,*®* a novel concept that highly durable
DRM can be achieved under low temperatures by rationally de-
signing and reinforcing the targeted reaction paths is proposed.
The designed catalyst with Ni-O coordination modulated the
path of CH3* to CH3;0* with the assistance of light irradiation,
which accelerated the continuous transformation of coordinated
oxygen with CHs*. Furthermore, with the advanced and self-
developed operando SSITKA-DRIFTS, the key points to
achieving stably low-temperature DRM were revealed. Eventu-
ally, the huge challenge of low-temperature DRM, the complete
dissociation of CHy to coke for the covering active sites, was
overcome. Besides, the Nisa/CeO, exhibited the DRM perfor-
mance under concentrated solar energy without external heating
input (Figure S34). Therefore, the solar energy could be trans-
ferred and stored via this low-temperature DRM process. The
built operando SSITKA-DRIFTS technology is universal to
trace and identify anti-coking intermediates for DRM reaction.
The finding on promoting the formation and conversion of anti-
coking intermediate opens a door to boost highly stable low-
temperature CH, utilization. We foresee that this atypically high
durability may pave the way toward the creation of feasible ap-
proaches and optimized catalysts for the upgradation of CHy4
and CO; to value-added compounds.

B CONCLUSION

In summary, we have demonstrated an effective and promising
strategy for the rational design of catalysts in combination with
light irradiation to achieve highly stable DRM under low tem-
peratures. A method was developed for the first time to success-
fully track the origin of the anti-coking intermediate, CH;O0%*,
during the DRM reaction process by coupling the operando
DRIFTS and SSITKA. More specially, by constructing and



reinforcing the active sites to produce the critical anti-coking
intermediate of CH3O%*, impressive stability of coke resistance
catalyst was achieved during DRM reaction at a relatively mod-
erate temperature (472 °C). Specifically, the generation of anti-
coking CH;0%* is attributed to the Ni-O active center, and the
light irradiation can accelerate the migration of lattice oxygen
to produce CH30* and convert it into CO and H». As a result,
the Nisa/CeO; catalyst exhibits excellent stability for 230 h with
negligible carbon deposition, while the Ninp/CeO, catalyst
shows distinct coke deposition behavior after 0.5 h. Meanwhile,
the yield of H, and CO for the Nisa/CeO, catalyst was around
four times higher than that for the Ninp/CeO; catalyst under the
thermo-photo catalytic DRM process. The mechanistic under-
standing of modulating the methane activation pathways during
DRM reaction can allow us to track the critical carbon-contain-
ing intermediates, which involves a multi-parallel reaction in
the conversion processes of the C; molecule, and pave the way
for aiming at the directed transformation of the C-H bond in
methane under relatively mild conditions.
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