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ABSTRACT: Dry reforming of methane (DRM) is a promising technique for converting greenhouse gases (namely, CH, and CO,)
into syngas. However, traditional thermocatalytic processes require high temperatures and suffer from low selectivity and coke-
induced instability. Here, we report high-entropy alloys loaded on SrTiOj; as highly efficient and coke-resistant catalysts for light-
driven DRM without a secondary source of heating. This process involves carbon exchange between reactants (i.e.,, CO, and CH,)
and oxygen exchange between CO, and the lattice oxygen of supports, during which CO and H, are gradually produced and
released. Such a mechanism deeply suppresses the undesired side reactions such as reverse water—gas shift reaction and methane
deep dissociation. Impressively, the optimized CoNiRuRhPd/SrTiOj; catalyst achieves ultrahigh activity (15.6/16.0 mol g, ' h™'
for H,/CO production), long-term stability (~150 h), and remarkable selectivity (~0.96). This work opens a new avenue for future
energy-efficient industrial applications.

Bl INTRODUCTION
Methane (CH,), the primary component in combustible ice,

economized energy consumption and eased catalyst deactiva-
tion."*"% In principle, a typical light-driven DRM process
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shale gas, and natural gas, is expected to be a sensible
alternative to petroleum, yet its practical use in the
petrochemical industry is precluded by the lack of cost-
effective methods that can convert methane into valuable
chemical feedstock."”” Although dry reforming of methane
(DRM; CH, + CO, — 2CO + 2H,) provides a feasible route
to converting two major greenhouse gases (namely, CH, and
CO,) into syngas (i.e, CO and H,), high reaction temper-
atures (700—1000 °C) are required to achieve sufficient yield
owing to the thermodynamic constraints (AH, = 247 kJ mol ",
AG,ggx = 171 kJ mol ™), which inevitably increases fuel costs
and leads to sintering and/or coking of catalysts (CH,» C+
2H,) (Figure la).”* Moreover, the reverse water—gas shift
(RWGS: CO, + H, —» CO + H,0) side reaction is
thermodynamically unavoidable, resulting in low selectivity
referred to as the H,/CO ratio.’

Recently, light-driven DRM has emerged as an environ-
mentally friendly alternative for syngas production with
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works with photogenerated charges or local heat (namely,
photocatalysis or photothermal catalysis). In photocatalysis,
CH, and CO, molecules are activated by photogenerated holes
and electrons, respectively, on semiconductors (e.g,, SrTiO;,
TiO,, and CeO,).””"" Despite the improved selectivity and
stability, the activity is relatively low, owing to the kinetic
limitation of multiple electron and hole transfer processes. In
photothermal catalysis, reactants are activated by photo-
generated local heat with a working mechanism similar to
that of thermally driven DRM. The 3d transition metals (e.g.,
Ru, Rh, Pt, and Ni) supported on metal oxides rich in oxygen
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Figure 1. Schematic illustration of the proposed processes of DRM. (a) Conventional routes and (b) proposed reaction path, which involves the
carbon exchange between reactants (i.e, CO, and CH,) and the oxygen exchange between CO, and the lattice oxygen of supports. The yellow
arrow represents the CH, to CO, conversion. The blue arrow represents the CO, to CH,, conversion. M denotes 3d transition metals (e.g., Ru, Rh,
Pt, or Ni). Supports denote metal oxides (e.g,, CeO,, MgO, or La,0;). HEA denotes the high-entropy alloy with the composition of CoNiRuRhPd.
OL.. and Oy, denote the lattice oxygen and oxygen vacancy in SrTiOj;, respectively. H, denotes the adsorbed hydrogen atom.

vacancies such as CeO, or alkaline oxide supports (e.g, MgO
and La,0;) have been used as catalysts, which require input
light intensity commonly exceeding 20 W cm™ to reach the
temperature of ~700 °C.>'*~'° Although high light-to-fuel
efficiency and catalytic activity can be achieved in such an
approach, the stability and selectivity are compromised by the
thermodynamically sustained RWGS reaction and coke
deposition.'® In this context, it remains a grand challenge to
achieve high syngas yield and stability simultaneously in light-
driven DRM under mild conditions. To this end, it is
imperative to rationally design effective catalysts that can
offer efficient C—H and C=O0O bond activation under mild
conditions while restraining the undesired RWGS and catalyst
deactivation.

In this regard, high-entropy alloys (HEAs), which contain
five or more 3d transition metals (e.g, Co, Ni, Cu, Ru, Rh, Pd,
and Pt) in a single solid solution phase, have been proven to
exhibit excellent capability for C—H dissociation in propane
dehydrogenation.'” Moreover, the incompletely filled d states
of components enable the HEAs to harvest photons
throughout the entire solar spectrum via interband excitations,
thereby offering superior photothermal conversion effi-
ciency.'®"? Undoubtedly, alkaline oxides can provide catalyti-
cally active sites for CO, adsorption and activation, particularly
in the presence of oxygen vacancies.”””' As such, the
combination of a HEA and alkaline oxide semiconductor
would be a promising choice for opening up new opportunities
in light-driven DRM, which may achieve high activity,
selectivity, and stability under mild conditions by maneuvering
reaction pathways.

Herein, we design HEAs on SrTiOj; as a highly efficient and
coke-resistant catalyst for light-driven DRM without a
secondary source of heating, involving a new carbon exchange
process (Figure 1b). In our design, Ni, Rh, Pd, and Ru are
explored as the main active metals for CH, activation given
their previously demonstrated potential for C—H cleav-
age.">**** SrTiO, with moderate alkaline sites is screened as
the support to facilitate CO, adsorption and activation.”***’
HEAs also absorb light in a wide spectrum and act as a
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“nanoheater” to rapidly elevate the local temperature of the
catalyst. Under 4 W cm ™ light irradiation, ultrahigh activity
(15.6/16.0 mol g, ' h™" for H,/CO production), long-term
stability (~150 h), and remarkable selectivity (~0.96) are
achieved over CoNiRuRhPd loaded on SrTiO; (denoted as
HEA/SrTiO;). Similar catalytic performance can be obtained
by using concentrated sunlight as the light source. Notably, the
catalyst also exhibits superior performance in the dry reforming
of ethane and propane, demonstrating the excellent universal-
ity of applications. In situ/quasi-in situ characterizations reveal
that such outstanding performance is enabled by a new
reaction path on the rationally designed catalyst, which
involves the carbon exchange between reactants (ie, CO,
and CH,) and the oxygen exchange between CO, and the
lattice oxygen of the support. Due to the superior oxygen-
releasing ability of HEA/SrTiO;, CH, (0 <x<3) species
from CH, activation on CoNiRuRhPd preferentially interact
with lattice oxygen on SrTiO; to generate CH,O* species,
which are further decomposed to syngas and even deeply
oxidized to CO,, leaving abundant oxygen vacancies on the
catalyst surface. Meanwhile, apart from direct desorption
yielding gaseous CO, the CO* species from CO, activation on
StTiO; also undergo hydrogenation to CH, The carbon
exchange process inhibits the undesired side reactions such as
the RWGS reaction and thus improves the selectivity to near
unity as well as the atomic economic efficiency. Moreover, the
oxygen vacancies left from CH, activation can be replenished
by the O* species dissociated from CO, to run an oxygen
cycle. Such a strategy guarantees the efficient transformation of
CH,* to CH,O* intermediates and thus suppresses carbon
deposits to enhance the long-term stability of the catalyst.

B EXPERIMENTAL SECTION

Synthesis of Porous SrTiO;. Porous SrTiO; was synthesized
using a mild hydrothermal reaction.”® In a typical synthesis, 25 mL of
1 M acetic acid solution containing 1.2 g of Sr(OH),-8H,0 and 10
mL of absolute ethanol containing 0.5 mL of TiCl, were mixed,
followed by the addition of 2.5 g of NaOH. After stirring for 1 h at
room temperature, the obtained mixture was transferred into a 50 mL
Teflon-lined autoclave and heated at 200 °C for 48 h. After the
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Figure 2. Morphology and structure characterization of the HEA/SrTiOjcatalyst. (a) TEM image, (b) HRTEM image, (c) HAADF-STEM images
and EDS elemental mapping of Co, Ni, Ru, Rh, and Pd, and (d) XRD pattern of the HEA/SrTiOj; catalyst. The standard data for Co (JCPDS no.
05-0727), Ni (JCPDS no. 04-0850), Ru (JCPDS no. 06-0663), Rh (JCPDS no. 05-0685), and Pd (JCPDS no. 46-0663) are presented at the
bottom as references. (e) Diffuse reflectance UV—vis—NIR absorption spectra of SrTiO; and HEA/SrTiOj; catalysts. (f) Surface local temperature
evolution of SrTiO;, 5% Rh/SrTiO;, and HEA/SrTiO; catalysts under ~4 W cm™? light irradiation.

hydrothermal process, the obtained products were separated by
centrifugation (5000 rpm for S min) and thoroughly washed with
distilled and anhydrous ethanol several times, followed by drying in
air at 80 °C overnight.

Synthesis of HEA/SrTiO; Catalysts. Porous SrTiO; (230 mg)
was added into 20 mL of deionized water under vigorous stirring for
0.5 h, followed by the addition of 1 mL of 10 mM solution for each
metal precursor. After stirring for 1 h at room temperature, the
obtained mixture was volatilized at 100 °C overnight to completely
remove deionized water. Then, the resultant sample was calcined at
400 °C for 2 h (ramp rate 5 °C min™") in a 10% H,/90% Ar
atmosphere to yield CoNiCuRhPd/SrTiO; CoNiRuRhPd/SrTiOs;,
PtNiRuRhPd/SrTiO;, and AuNiRuRhPd/SrTiO;. The loading of
each metal on the SrTiO; was 1.0 mol %. Other CoNiRuRhPd-
supported metal oxide catalysts with the same metal loadings were
also prepared by using metal oxides instead of SrTiOj; as the support
materials. The single metal-loaded SrTiOj; catalysts were synthesized
in a similar way, except that the loading amount was changed to S mol
%.

DRM Performance Measurements. DRM performance meas-
urements were carried out under ambient pressure in a flow reactor
(Beijing Scistar Technology Co., Ltd.) with a quartz window at the
top for light irradiation. For each test, 5.0 mg of catalyst was uniformly
dispersed on a glass fiber substrate with a diameter of 3 cm. The
thickness of the catalyst layer was approximately 1 mm. After sealing
the reactor, the reaction gas (10% CH,/10% CO,/80% Ar) was
continuously introduced into the reactor with a flow rate of 20 mL
min~". A 300 W xenon lamp (PLS-SXE300, Perfect light) was
employed as the light source to drive the DRM reaction. After the
equilibrium adsorption of feeding gas, the products were evaluated by
an online gas chromatograph (GC-2014ATFSPL, Ar carrier,
Shimadzu) equipped with two flame ionization detectors (FIDs)
and a thermal conductivity detector (TCD). The dry reforming of
C,Hg and C;Hy performance measurements were carried out in a
similar process using 5% C,H4/10% CO,/85% Ar flow and 3.33%
C,H,/10% CO,/86.67% Ar flow.

B RESULTS AND DISCUSSION

Structural Characterizations. The porous SrTiO; sample
was synthesized using a solvothermal coprecipitation reaction
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under relatively mild conditions.”® Detailed results are shown
in Figure S1. After the metal precursors were impregnated onto
the SrTiOj; surface, the H, temperature-programmed reduction
(H,-TPR) profiles show that the addition of a single metal
generates broad reduction peaks at different temperatures
(Figure S2). In comparison, a single reduction peak at ~140
°C—a temperature lower than that of the monocomponent
counterpart—is induced by the quinary-component metal
precursors of Co, Ni, Ru, Rh, and Pd. The simultaneous
reduction of the metal precursors indicates that all atoms
undergo interactions with each other, resulting in the
formation of a solid solution alloy involving all five elements.””
TEM and high-angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) images clearly show
that the HEA nanoparticles (NPs), with an average diameter of
~2.0 nm, are evenly dispersed on the SrTiOj; surface (Figures
2a and S3). A distinct lattice fringe spacing of 0.22 nm is
observed in the high-resolution TEM (HRTEM) image, which
can be attributed to the (111) plane of the face-centered cubic
(fcc) phase of the HEA (Figures 2b and $4).”° Energy-
dispersive X-ray spectroscopy (EDS) mapping and line-scan
data of the HEA/SrTiO; catalyst reveal the uniform
distribution of Co, Ni, Ru, Rh, and Pd elements in individual
particles without element segregation (Figures 2c and SS).
Compared with bare SrTiOj;, the appearance of new diffraction
peaks at 42.2 and 48.9° in the XRD pattern of the HEA/
SrTiOj; catalyst further suggests the formation of a single phase
with the fcc structure,”” whose lattice constant is intermediate
between 3.5 A for fcc Ni and 3.9 A for fcc Pd (Figure 2d). No
peaks attributed to pure Co, Ni, Ru, Rh, or Pd are detected.
Taken together, the results above fully demonstrate the
formation of a HEA on SrTiO;.

X-ray absorption fine structure (XAFS) spectroscopy was
further conducted to acquire structural information on the
samples. Figure S6al—cl shows the K-edge X-ray absorption
near-edge structure (XANES) spectra of Co, Ni, and Pd in the
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Figure 3. Light-driven DRM performance. Yields of H, and CO by (a) mono- and quinary-component metal-loaded SrTiO; catalysts and (b)
HEA-loaded catalysts. Reaction conditions: feeding gas of 10% CO,/10% CH,/80% Ar, total space velocity of 20 mL min~', 5 mg of catalyst, 300
W Xe lamp with a light intensity of 4.0 W cm™ (c) Yields of H, and CO by the HEA/SrTiOj catalyst under light irradiation and external heating
with the temperature equal to that of the photothermal temperature. (d) Arrhenius plots for H, production rates of the HEA/SrTiOj catalyst under

light-driven and thermal-driven conditions.

HEA, respectively. The postedges of Co, Ni, and Pd elements
show slight deviations in intensity, shape, and oscillation
behavior compared with metal foils, indicating the redistrib-
ution of electrons among the three elements and the unique
orbital hybridizations.” The extended XAFS (EXAFS) spectra
(Figure S6a2—c2) reveal the overlapping of the characteristic
peaks of three elements and the distance of all the first metal—
metal (M—M) shells is obviously shorter than that of the
corresponding metal foils, indicating the existence of atomic
interactions between the constituent elements.*®

The light-harvesting ability of the HEA/SrTiOj; catalyst was
characterized by diffuse reflectance ultraviolet—visible—near-
infrared (UV—vis—NIR) absorption spectroscopy. Compared
with bare SrTiO;, the loading of the HEA greatly extends the
light absorption from the UV region to the broadband UV—
vis—NIR region (200—2500 nm) (Figure 2e), which enables
the HEA/SrTiOj catalyst to function as a good “nanoheater”.
On this basis, the photothermal conversion property of such a
material was further tested using a thermocouple in close
contact with the catalyst surface under different light
intensities. When the light intensity is 4.0 W cm™>, the
temperature of the HEA/SrTiOj; catalyst bed reaches 560 °C,
substantially higher than those of the single metal-loaded
catalyst (i.e., Rh/SrTiO;) (448 °C) and bare SrTiO; (227 °C)
(Figure 2f). The result indicates that HEA/SrTiO; can
potentially serve as an efficient light-harvesting platform to
drive DRM under mild conditions.

Light-Driven DRM Performance. The DRM perform-
ance of the as-prepared catalysts was evaluated using a flow
reactor apparatus under 300 W Xe lamp irradiation without a
secondary source of heating. The space velocity and reaction
gas concentration were first optimized to be 20 mL min™" and
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10% CH,/10% CO,/80% Ar, respectively (Figure S7 and
Table S1). Furthermore, catalysts with various metal species
supported on SrTiO; were investigated. As shown in Figures
3a and S8a, bare SrTiO; shows negligible activity. After loading
single metals, only Ni-, Rh-, and Ru-supported catalysts can
drive DRM (see also Table S2), indicating certain ability of
these metals in C—H bond dissociation. Interestingly, upon the
introduction of HEAs (MNiRuRhPd, where M = Cu, Co, Pt,
or Au), the catalytic performance is dramatically enhanced,
most likely attributed to the ensemble effect of HEAs. Among
the catalysts, the composition of CoNiRuRhPd (denoted as
HEA) exhibits the highest catalytic activity for DRM.

Upon ascertaining the HEA, various catalyst supports such
as MTiO; (M = Ba, Ca, Li, Na, K, Fe, Co, Zn, etc.) were
subsequently examined. Among the supports, Sr,Ba, ,TiO;,
CaTiO;, and SrZrO; are manifested to be the appropriate
supports due to their similar physical and chemical properties
with activity in the following order: SrTiO; > SrysBaysTiO; >
BaTiO; > CaTiO; > SrZrO; (Figures 3b, S9—S12 and Table
S3). In sharp contrast, TiO, and other MTiO; (M = Li, Na, K,
Fe, Co, or Zn) are not conductive supports for DRM (Figure
S8b). The yields of syngas over these supported HEA catalysts
are 700 times lower than that of HEA/SrTiO; and the
selectivity referred to as the ratio of H, to CO by these
catalysts is generally lower than 0.8. The superior activity of
HEA/SrTiO; may be attributed to the presence of moderate
basic sites in SrTiO; support, which are helpful for the
adsorption and activization of CO, (Figures S13 and S14, and
Table $4).%°

To summarize, in consideration of catalytic efficiency and
selectivity, we find that the highest overall DRM performance
is provided by the composition of CoNiRuRhPd/SrTiO; (i.e.,
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HEA/SrTiO;). The single-pass conversion of CH, and CO,
over HEA/SrTiO; reaches 56.2 and $8.6%, respectively, and
the evolution rates of H, and CO normalized by the mass of
the HEA are as high as 15.6 and 16.0 mol g....~' h7},
respectively (Figure 3a,b). Moreover, the light-to-fuel
efficiency of HEA/SrTiO; can be calculated to be approx-
imately 2.1%. Notably, the selectivity in yield is up to 0.96, and
byproducts such as oxygenates and hydrocarbons are not
observed, suggesting that the products can be directly used in
the Fischer—Tropsch synthesis without extra steps of adjusting
selectivity via a high-temperature water—gas shift reaction (CO
+ H,0 - H, + CO,). This excellent performance significantly
exceeds the benchmark state-of-the-art reports, including low-
temperature thermocatalysis, photocatalysis, photo-assisted
thermocatalysis, and photothermal catalysis (Figure S15 and
Table SS). In addition to DRM, the HEA/SrTiO, catalyst can
also catalyze the dry reforming of ethane (C,H) and propane
(C;Hg) with high activity and selectivity (Figures S16 and
S17), confirming the general applicability of the as-prepared
catalyst.

For practical applications, solar-driven DRM was performed
on a typical sunny day (16 October 2022) at the University of
Science and Technology of China in Hefei (31.52 N, 117.17
E). By using a Fresnel lens with a diameter of 20 cm to
concentrate sunlight to approximately 40 suns, evolution rates
of H, at 15.0 mol g, ' h™' and CO at 15.4 mol g, ' h™"
were achieved, very close to those obtained by xenon lamp
irradiation (Figure S18). This result indicates that an artificial
light source can be used to drive the DRM reaction at night or
during inclement weather, while concentrated natural sunlight
can drive this reaction in other time periods, resulting in
sustainable production of solar fuel.

Light intensity- and temperature-dependent (the temper-
atures were set equal to that of photothermal temperatures)
experiments were performed to clarify the specific roles of light
on DRM. With the increase in the light intensity from 1.0, 2.0,
and 3.0 to 40 W cm™?, the photothermal temperature of
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HEA/SrTiO; gradually increases from 220, 300, and 450 to
560 °C (Figure S19). Under 4.0 W cm ™2 of light irradiation,
the catalytic activity is much higher than that of thermocatal-
ysis at 560 °C in the dark (Figure 3¢, and Table S6). As the
light intensity is lowered to 2.0 or even 1.0 W cm™?, the
evolution rate of Hj is still up to 1.57 and 0.35 mol g, ' h7",
respectively. In stark contrast, no DRM occurs with external
heating below 350 °C. In comparison to the theoretical
equilibrium conversions, light-driven catalysis breaks through
the theoretical limitation of DRM (Figure S20). These results
indicate that the light-driven DRM is not merely a photo-
thermal catalysis but likely involves photocatalysis.

To gain further insights into the role of light in DRM, an in
situ irradiated X-ray photoelectron spectroscopy (XPS)
characterization was performed. As shown in Figure S21, an
apparent positive shift in the Ti 2p binding energy and a
negative shift in the Rh 3d and Pd 3d binding energies of
HEA/SrTiO; can be observed after 120 min of light
irradiation. These indicate that the photoexcited energetic
electrons generated from the conduction band of SrTiO; can
transfer to the adjacent HEA NPs (see also Figure $22).”*°
Therefore, it can be reasonably inferred that HEA NPs act as
electron capture centers with high electron density, promoting
the activation of CO, and thus enhancing the catalytic
properties. Taken together, the light-driven DRM process
over HEA/SrTiOj; involves a synergy of photocatalysis and
photothermal catalysis.”" The apparent activation energies (E,)
of DRM over HEA/SrTiO; via the light-driven and
thermocatalytic routes are calculated to be 43.7 and 109.0 kJ
mol ™!, respectively, according to the Arrhenius plots (Figure
3d). The lower E, under light-driven conditions indicates that
light irradiation greatly reduces the activation energy barrier of
the DRM.

In addition to catalytic activity and selectivity, stability is
another limitation that our work aims to overcome. To this
end, the long-term stability and reusability of HEA/SrTiO;
were examined. Figure 4a,b shows that almost no noticeable
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activity loss is detected after continuous operation for 40 h.
The carbon balance and oxygen balance are close to unity,
indicating a minor contribution of coking to the HEA/SrTiO;
catalyst. Even after 150 h on stream, the catalytic activity
decreases slightly with ~82% of the initially observed activity
remaining. The morphology of the spent HEA/SrTiO; used in
DRM for 150 h is almost unchanged without obvious
aggregation of HEA NPs (Figure S23a,b). EDS mapping and
line-scan data demonstrate the uniform distribution of five
elements in individual particles, suggesting that the spent
catalyst maintains a high-entropy structure (Figure S23c—e).
Raman spectra (Figure S24) and the O, temperature-
programmed oxidation (TPO) profiles (Figure S25) reveal
that only a trace amount of carbon species is detected on the
HEA/SrTiO; surface after 150 h of DRM, indicating the high
coking resistance of the catalyst. In sharp contrast, although
HEA/AL,O; and HEA/MgO offer fair initial yields of syngas,
severe deactivation occurs within 40 h, accompanied by low
carbon and oxygen balance (Figure S26). Such performance
decay accords with the observation of carbon deposition; a
black substance is formed on the catalyst surface soon after
light exposure and is ascertained as graphitic carbon by Raman
spectroscopy (Figure S24). TEM images of HEA/ALO; and
HEA/MgO after the reaction also confirm that carbon
nanofibers are formed around the HEA NPs after DRM
(Figure S27).

The observed stability difference strongly suggests the
importance of the supports against coking. Temperature-
programmed surface reactions (TPSRs) were conducted to
examine the coking resistance of HEA/SrTiO;. When exposed
to CO, flow, the spent HEA/SrTiO; removes coke at 550—
800 °C due to the continuous oxygen supply from CO,,
whereas the spent HEA/MgO cannot (Figure 4c). This
indicates the superior CO, activation capacity of SrTiO;, as
further illustrated by the CH,-TPSR and CO,-TPSR measure-
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ments (Figure 828).3’2 In addition, we verified the filling of
oxygen vacancies after the lattice oxygen consumption of
SrTiO; using CO, titration via a TPO technique.” As shown
in Figure 4d, the oxygen vacancies generated by H,-TPR in
SrTiO; can be filled by the oxygen atoms dissociated from
CO, and then reappear after further H, reduction, indicating
that SrTiO; has the ability to cyclically release oxygen. Based
on the above results, we infer that the efficient activation of
CO, and oxygen-releasing ability of HEA/SrTiO; are
responsible for the coking resistance.

Reaction Mechanism. The information gleaned above
recognized the superior performance of HEA/SrTiO;.
Naturally, a question arises as to what working mechanism is
responsible for such giant progress. Isotope-labeling experi-
ments were first performed to trace the origin of products.
When using "*C-labeled substances (3C'®0, and *CH,) as
the feeding gas, the peak located at 1.8 min with m/z = 29 in
the mass spectrum can be assigned to *CO, indicating that the
produced CO indeed originates from fed CO, and CH,
(Figure S29). Surprisingly, when '0- and 'C-labeled
substances ('>C'®0, and CH,) served as feeding gas, the
mass spectrum of CH, shows that the intensity of m/z = 16 is
obviously higher than that of m/z = 17 (Figure Sa). Moreover,
four distinct m/z, namely,”® ('2C'°0), 29 ('3C'®0), 30
(2C®0), and 31 (*3C'™0), were observed in the mass
spectrum of CO (Figure Sb). Six distinct m/z values, namely,
44 (2C190,), 45 (°C190,), 46 (12C190™0), 47 (*C19010),
48 (2C'*0,), and 49 (C'0,), were detected in the mass
spectrum of CO, (Figure Sc). These results indicate the
simultaneous occurrence of carbon exchange between ?C'*0,
and "“CH, (i.e, carbon exchange) and oxygen exchange
between '*C'®0, and the lattice oxygen of SrTiO; in DRM.

Previous studies have shown that the oxygen exchange
between CO, and the lattice oxygen readily occurs via a Mars—
van Krevelen-type mechanism using metal oxides (e.g., CeO,
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and La,0;) as supports during the oxidation of CH,* in DRM,
which has been considered as an effective strategy to enhance
the stability of catalysts.”'>** It is worth mentioning that the
carbon exchange between the reactants (i.e., CO, and CH,) is
an unusual phenomenon due to its kinetically unfavorable
nature. To examine this process, quasi-in situ isotope-labeling
experiments were carried out using 2CH, + *CO, (system I)
as the feeding gas. As shown in Figure S30, m/z = 44 (**CO,)
and m/z = 17 (*CH,) appear and gradually increase along
with the decrease in m/z = 45 (**CO,) and m/z = 16 (**CH,)
under continuous light irradiation, confirming the occurrence
of carbon exchange between CH, and CO, (**CH, + *C'¢0,
PEN 13CH4 + 12cl602)'

To quantitatively analyze the kinetics of carbon exchange,
the intensity ratios of m/z = 44 (product ?CO,) to m/z = 45
(reactant °CO,) (abbreviated as "*CO,(product)/*COs reactant))
and m/z = 16 (reactant *CH,) to m/z = 17 (product *CH,)
(abbreviated as "*CHy(eqctant)/ " CHa(product)) Were calculated
(see Supporting Information for the calculation of reaction
kinetics). As shown in Figure Sd, the value of
12COZ(Pmduct) / 13C02(reacmm) gradually increases while the
value of 12CH‘t(reamnt)/ l3CH4(pmduct) decreases and finally
reaches equilibrium at 10 min. The value of
12COZ(},mduct)/13C02(n,,actam) is close to 1.0 at dynamic
equilibrium, proving the sufficient exchange of the carbon
element between CH, and CO,. Similarly, the intensity ratio of
m/z =28 (**CO from *CH,) to m/z = 29 (**CO from *CO,)
(abbreviated as '*CO/"CO) is also close to 1.0, suggesting
that half of the produced CO originates from '*CH, while the
other half comes from '*CO,. Notably, if side reactions such as
the RWGS occur, the product CO would not only originate
from DRM (CH, + CO, = 2CO + 2H,) but also come from a
RWGS (CO, + H, —» CO + H,0). Based on this assumption,
the intensity ratio of CO from CH, to CO from CO, will be
much less than 1.0. Therefore, it is reasonable to infer that
almost no RWGS reaction occurs, leading to high selectivity
(~0.96). A similar phenomenon can also be observed with
system II (**CH, and '*C'%0,) as the feeding gas, as shown in
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Figures Se and S31. In sharp contrast, when HEA/AL,O; and
HEA/MgO are used as catalysts, no reversible carbon
exchange occurs in DRM (Figures S32 and S33). The
selectivities of the HEA/AL,O; and HEA/MgO catalysts are
0.57 and 0.68, respectively (Table SS). Taken together, the
occurrence of carbon exchange may be responsible for the
selectivity of DRM.

The oxygen exchange process was studied by using '*O-
doped HEA/SrTiO; as a catalyst with system III (**CH, and
13C!®0,) as the feeding gas. Kinetic analysis reveals that the
oxygen exchange between *C'°0, and '8O-doped SrTiO;
occurs quickly and reaches dynamic equilibrium within S
min (Figures Sf and S34). Coincidentally, an analogous
phenomenon can also be observed when system IV (*CH,
and '2C'%0,) was used as the feeding gas (Figure S35). These
results fully confirm the superior ability of HEA/SrTiO; to
release oxygen, in agreement with the CO,-titration experi-
ments (Figure 4d), which may facilitate long-term stability.
More importantly, when HEA/BaTiO; was used as a catalyst
instead of HEA/SrTiOj;, the phenomenon of carbon exchange
and oxygen exchange can also be observed, suggesting its
general applicability (Figure S36).

For the DRM reaction mechanism, the elementary steps of
DRM generally involve the CO, dissociation to CO* and O%,
the step-by-step CH, dissociations to CH,* (x = 0—3) and
H*, the interaction of CH,* with O* or lattice oxygen of
supports to CH,O*, and the transformation of CH,O* to
CO.*%% To gain insights into the mechanism of carbon
exchange between CO, and CH,, in situ DRIFTS was
employed to individually investigate CO,/CH, adsorption
and activation on HEA/SrTiO;. The catalyst was first exposed
to a 10% CH,/90% Ar flow in the dark for adsorption. As
shown in Figure S37, apart from the C—H deformation
vibration of gaseous CH, (3002, 1340, 1302, and 1267 cm™Y),
an additional C—H symmetric deformation vibrational mode
of adsorbed CH, (1540 cm™)*"** was observed on HEA/
SrTiO;. Upon light irradiation, the vibrational modes of CH,/
CH, deformation (1460 and 1425 cm™!)’” and CH,O*
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species (1120 cm™")*~*" appear, while the C—H symmetric

deformation vibration of CH, decreases gradually, indicating
the dissociation of CH, to CH,, or CH,O* species (Figure 6a).
Moreover, the strong peak at 2326 cm™" attributed to gaseous
CO, and the weak peaks at 2016—1876 cm™" attributed to
adsorbed CO* appear,” indicating the oxidation of CH, to
CO, and a small amount of CO, as further proven by the '*C-
labeled CH,, conversion experiments (Figure S38). Naturally,
there are two possible reaction paths leading to CH, to CO,
conversion. The first is the step-by-step CH,* dehydrogen-
ation to C and H, (CH, — C + 2H,) and the oxidization of C
by the lattice oxygen of SrTiO; to CO and CO,.*® The second
is the transformation of CH,O* intermediates to CO,, CO,
and H,0.""* The CH,-TPD mass spectra (Figure $39) reveal
that the CH, desorption products on HEA/SrTiO; are mainly
CO, and H,0 as well as a small amount of CO. Note that no
C or H, is detected. This result fully confirms that CH,
adsorbed on the catalyst surface tends to be oxidized to CO,
via the CH,O* intermediates, rather than being progressively
dehydrogenated to C and H,.** Therefore, it can be reasonably
inferred that the CH, to CO, transformation pathway in DRM
takes place as follows: CH, is dissociated to CH,* and H*
species, CH,* interacts with the lattice oxygen of supports to
give CH,O%, and CH,O* transforms to CO, and CO (Figure
S40a).

The in situ DRIFTS of CO, adsorption shows the linearly
adsorbed CO* (2077 cm™),* formyl species (HCO*, 1786
and 1340 cm™),*** bicarbonates (1640, 1422 and 1080
cm_l),“(”47 and formate species (1666, 1580, and 1393
em™)** (Figure S41). This indicates that CO, can be
activated into the CO* and the O* species, in which the CO*
species further interact with the surface hydroxyl groups or
hydrogen on the catalyst to form the HCO™* species. Under
light irradiation, additional peaks at 2870 cm™' [v(CH)], 2931
em™ [v(CH,)], and 1120 cm™ (CH,O%)*~*" appear and
gradually grow along with the consumption of HCO* species
(Figure 6b), indicating that the adsorbed CO* species could
be transformed into CH,O* intermediates by sequential
hydrogenation.” In situ DRIFTS spectra for CO adsorption
show that the bridge-adsorbed CO* species at 1890 cm™" on
HEA/SrTiO; are relatively stable and not easy to desorb®
(Figure S42), which allows for the adsorbed CO* species to be
hydrogenated into CH,.”"*> Accordingly, we infer the CO, to
CH, transformation pathway in DRM as follows: CO,
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dissociation to CO* and O* species, and CO* hydrogenation
to CH,O* and then to CH, (Figure S40b).

In situ DRIFTS was further conducted under a DRM
atmosphere. Under light irradiation, both linearly (2077 cm™")
and bridged adsorbed CO (1866 cm™) appear immediately””
(Figure S43). Furthermore, the appearance of CH,O*
intermediates on HEA/SrTiO;,*”*" along with the first
consumption and then increase in formyl species, clearly
suggests that the CH,O* species are indeed the critical
intermediates. We thus can conclude that the interaction
between CO,-dissociated species and CH,-dissociated species
leads to the reversible formation and decomposition of CH,O*
species,” causing the element scrambling between CH, and
CO,. This carbon exchange process restricts the undesired
RWGS reaction to some extent and thus improves the
selectivity to near unity and the atomic economic efficiency.

For further consolidation, the surface-absorbed species were
also analyzed by in situ near ambient pressure XPS (NAP-
XPS) studies. The initial high-resolution O 1s XPS spectrum
for HEA/SrTiO; collected in ultrahigh vacuum reveals three
distinct peaks located at 529.3, 530.3, and 531.7 eV, which can
be ascribed to the lattice oxygen, oxygen vacancy, and surface
labile oxygen, respectively (Figure 6¢).”* After introducing 0.5
mbar CO, and 0.5 mbar CH, into the NAP-XPS chamber in
the dark, the peaks of gas-phase CO, (292.9, 536.3 eV) are
observed (Figure 6¢,d).”* Moreover, the peak intensity of
oxygen vacancies greatly decreases, indicating that the oxygen
vacancies on SrTiO; are the main active sites for CO,
adsorption, as further confirmed by NAP-XPS collected
under a 1.0 mbar CO, atmosphere (Figure S44). With light
irradiation, the peaks of carboxyl species at 288.5 V> and
CH,O* intermediates at 285.6 eV gradually appear’”*®
(Figure 6d), in agreement with the DRIFTS results. Notably,
the peak intensities for lattice oxygen of SrTiO; gradually
decrease, suggesting that lattice oxygen may act as a mediator
to facilitate the transformation of CH,* to CH,O*
intermediates along with the regeneration of surface oxygen
vacancies (see also Figure S45 and Table §7).2%73% The
continuous consumption and regeneration of oxygen vacancies
and lattice oxygen lead to the oxygen exchange between CO,
and the lattice oxygen of SrTiO;, in agreement with the CO,-
titration experiments and the isotope-labeling experiments.
According to the above results, CH,* species prefer to interact
with lattice oxygen of SrTiO; to generate CH,O* inter-
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mediates rather than direct dehydrogenation to C adsorbates,
which may be responsible for the coke-resistant stability.*®

According to the above results, we propose a new carbon
exchange process of the light-driven DRM over HEA/SrTiO,
in Figure 7. During DRM, CH, is adsorbed on the HEA
surface and undergoes dissociation under light irradiation,
forming CH,* and H* species (Figure 7, yellow reaction path;
see also Figure S40a), as confirmed by the in situ DRIFTS
spectra (Figure 6a). The H* species migrate along the catalyst
surface through spillover, providing a hydrogen source for
further reactions. Due to the superior oxygen-releasing ability
of HEA/SrTiO;, CH, species preferentially interact with lattice
oxygen on SrTiO; to generate CH,O* species, which are
further decomposed to syngas and even deeply oxidized to
CO, (the CH, to CO, transformation pathway), leaving
abundant oxygen vacancies on the catalyst surface, as proven
by the in situ NAP-XPS spectra (Figure 6c). Meanwhile, CO,
is preferentially adsorbed on the oxygen vacancies of SrTiO;
and then dissociated into adsorbed CO* and O* species
(Figure 7, blue reaction path; Figure S40b). Apart from direct
desorption yielding gaseous CO, the adsorbed CO* species
also undergo hydrogenation to CH, (the CO, to CH,
transformation pathway), according to the in situ DRIFTS
spectra (Figure 6b). This carbon exchange process restricts the
undesired RWGS reaction to some extent and thus improves
the selectivity to near unity and the atomic economic
efficiency. The adsorbed O* species replenish oxygen
vacancies left from CH, activation, regenerating lattice oxygen
and providing the guarantee for the efficient transformation of
CH,* to CH,O* intermediates, as confirmed by the in situ
NAP-XPS spectra (Figure 6¢). This oxygen exchange between
CO, and the lattice oxygen of SrTiO; suppresses the step-by-
step CH,* dehydrogenation to carbon deposits and thus
enhances the long-term stability.

B CONCLUSIONS

In summary, we designed an HEA (CoNiRuRhPd) on SrTiO;
as a highly effective catalyst for light-driven DRM. Benefiting
from the excellent light absorption capacity and C—H
dissociation ability of the HEA, DRM can be efficiently driven
under light irradiation without a secondary source of heating. A
new reaction path was proposed according to in situ/quasi-in
situ characterizations. The reaction path involves carbon
exchange between reactants (i.e, CO, and CH,) and oxygen
exchange between CO, and the lattice oxygen of supports via
CH,O intermediates, during which CO and H, are gradually
produced and released. As a result, the HEA/SrTiO; catalyst
achieves an ultrahigh syngas yield (evolution rates of H, and
CO at 15.6 and 16.0 mol g... ' h™', respectively),
outstanding selectivity (~0.96), and long-term stability (with
>82% initial activity maintained after 150 h of reaction). A
similar catalytic performance can be obtained using concen-
trated sunlight as the light source, suggesting the potential
prospect of solar-driven DRM. Moreover, the as-prepared
catalyst also exhibits superior performance in the dry reforming
of ethane and propane. This work paves the way for the
rational design of high-performance catalysts for DRM under
mild conditions.
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