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Solar-driven CO,-to-fuel conversion assisted by another major greenhouse gas CH, is promising to concurrently
tackle energy shortage and global warming problems. However, current techniques still suffer from drawbacks
of low efficiency, poor stability, and low selectivity. Here, a novel nanocomposite composed of interconnected
Ni/MgAIlO, nanoflakes grown on SiO, particles with excellent spatial confinement of active sites is proposed
for direct solar-driven CO,-to-fuel conversion. An ultrahigh light-to-fuel efficiency up to 35.7%, high production
rates of H, (136.6 mmol min~'g~1) and CO (148.2 mmol min~'g~!), excellent selectivity (H,/CO ratio of 0.92),
and good stability are reported simultaneously. These outstanding performances are attributed to strong metal-
support interactions, improved CO, absorption and activation, and decreased apparent activation energy under
direct light illumination. MgAlO, @SiO, support helps to lower the activation energy of CH* oxidation to CHO*
and improve the dissociation of CH, to CH;* as confirmed by DFT calculations. Moreover, the lattice oxygen
of MgAIO, participates in the reaction and contributes to the removal of carbon deposition. This work provides
promising routes for the conversion of greenhouse gasses into industrially valuable syngas with high efficiency,
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high selectivity, and benign sustainability.

1. Introduction

The progress of modern industrialization is accompanied by the
massive consumption of fossil fuels, particularly oil and coal, lead-
ing to the shortage of these unrenewable resources and emission of
large amounts of carbon dioxide (CO,) [1-3]. Recently, CO, concen-
trations in the atmosphere have exceeded 415 ppm, which is about
50% higher than pre-industrial levels. Induced by massive CO, emis-
sions, global warming has seriously threatened the balance of natural
ecosystems [4]. Similar to CO,, global emissions of methane (CH,),
which is another major greenhouse gas [5], have increased by nearly
10% over the past two decades, and its atmospheric concentration
has set a new record of 1.875 ppm [6,7]. Given the warming power
of CH, is 80 times as high as that of CO,, CH, is believed as the
second most prevalent greenhouse gas from human activities. Subse-
quently, how to deal with these greenhouse gasses is an urgent problem
to be solved [6,8,9]. Conversion of two major greenhouse gasses into
value-added syngas (CH, + CO, — 2CO + 2H,, AH,ggx = 247 kJ/mol),
which is also called CO, reduction by methane (CRM), is considered
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to be one of the most promising approaches to achieve sustainable
development [10].

Different metal catalysts have been employed as active compo-
nents for CRM reaction, such as Fe, Co, Ni, Ru, Rh and so on. No-
ble metals have high catalytic activity, but their high costs and lim-
ited availability prevent their practical large-scale applications. Ni has
become the most widely used catalyst for its comparably high activ-
ity and low cost, but it suffers from deactivation due to carbon de-
position and sintering of Ni nanoparticles (NPs). Carbon deposition
mainly comes from the two side reactions, i.e., of methane dissocia-
tion (CH, — C +2H,, AH,93x = 75 kJ/mol) and carbon monoxide dis-
proportionation (2CO — C + CO,,AH = —172 kJ/mol) [11,12]. Reduc-
ing the size of NPs has been demonstrated to limit carbon nucleation
and growth, but nanoparticles tend to aggregate into large particles at
high reaction temperature, leading to poor stability. Confining metal
NPs inside mesoporous materials, such as porous shells and matrixes,
has been reported to be effective in mitigating sintering [13,14]. Never-
theless, some active sites are inevitably covered and inhibited to interact
with reaction gasses, leading to decreasing CRM activities. Therefore,
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Scheme 1. Schematic illustration of the solar-driven CRM process on
Ni/MgAlO, @SiO, catalyst.

enabling metal NPs to possess small sizes, high activity and high stabil-
ity simultaneously is still a daunting challenge.

Another concern of CRM is its highly endothermic nature, so that
massive thermal energy is needed to drive reactions. Emerging solar-
driven CRM not only supplies thermal energy required in a low carbon
way, but also can store solar energy in the form of important feedstocks
or fuels [15-18], thus serving as a promising candidate to tackle global
energy and climate change problems simultaneously. The key parameter
determining whether solar-driven CRM can be widely deployed is high
solar-to-fuel efficiency. People have devoted extensive efforts to enhanc-
ing solar-to-fuel efficiency. For example, many different catalysts have
been developed to improve the catalytic activity and efficiency [19-26],
and the highest solar-to-fuel efficiency reported under mild conditions is
only 33.8%. Further enhancing solar-to-fuel efficiency over 35% is still
a desire.

Here, we proposed interconnected Ni/MgAlO, nanoflakes grown on
SiO, particles to achieve highly efficient solar-driven CO,-to-fuel con-
version (shown in Scheme 1). An extremely large light-to-fuel efficiency
of 35.7% and very high fuel production rates of H, and CO (136.6 and
148.2 mmol min~'g~!) are achieved under focused illumination. Excel-
lent spatial confinement of active sites, strong metal-support interac-
tions, improved CO, absorption and activation, and decreased apparent
activation energy of C* and CH* species under direct light illumination
are considered the main mechanisms, as confirmed by both experimen-
tal measurements and DFT calculations. In addition, the lattice oxygen
of MgAlO, in the nanocomposite takes part in the reaction which helps
to decrease carbon species as will be discussed later.

2. Material and methods
2.1. Synthesis of catalysts

Mg(NO5),6H,0 (0.164 g, 0.64 mmol), Al(NO;);-9H,0 (0.135 g,
0.36 mmol), SiO, (0.12 g) and CO(NH,), (2.7 g) were dispersed in
8 ml deionized water. 9 ml C,H5;OH and 8 ml Ni(NO3),-6H,0 (0.1 M)
were then added. After stirring for five hours, the solution was dropped
in a Teflon-lined stainless steel autoclave heating for 36 h at 190 °C.
The resulting suspension was centrifuged and washed three times with
ethanol, and then the product was dried overnight. Finally, the powders
were reduced under 10% H,/Ar at 700 °C for 3 h. The reduced sam-
ple was labeled as Ni/Mg; 73Al0,@SiO,. The samples with the Mg/Al
molar ratio of 0.67, 1.22 and 2.03 were prepared after following sim-
ilar procedures. Correspondingly, 0.26 g Mg(NO3),-6H,0O (or 0.37 g
Al(NO3)39H,0), 0.12 g SiO, and 2.7 g CO(NH,), were employed to ob-
tain Ni/MgO@SiO, or Ni/Al,0;@SiO,. The procedures were the same
as Ni/Mg; ,gAlO, @SiO,. Ni@SiO, sample was synthesized via the same
procedures except that Mg(NO3),6H,0 was not added.
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2.2. CO,-to-fuel conversion tests

The CO,-to-fuel conversion was conducted in a homemade reactor
with a quartz window. We put 0.019 g of catalysts in the reactor for
every test. A stream of CH,/CO,/N, (43.2%/43.2%/13.6%) was con-
tinuously fed to the reactor at 104.2 ml min~—1. A 300 W Xe lamp was
used as the light source without using any other heating devices. The
irradiation power focused on samples was measured by a laser power
meter, which was calibrated by AM 1.5 global solar light with a stan-
dard Si solar cell. The power of the focused UV-Vis-IR illumination is
measured to be 12.0 W. Since the spot diameter is 6 mm, the irradiation
density reaches 424.6 kW m~2.

The light-to-fuel efficiency(#) is defined as follows:

0 0 0
(er ><ACHH2 +rcoXAHey —rem, XAEHCHA)

n= 5

irradiation

where ryy, and ¢ are the molar production rate of H, and CO, respec-
tively, and rcy, is the reaction rate of CHy-A, Hgoz’ A HY and ACHgH4
are the standard heat of combustion (A, H?, 298.15 K) of H,, CO and
CH, fuel, respectively (note: CO, is not a fuel, so ACHgo2 of CO, is 0),

and Py .giation 1S the irradiation power focused on the reactor.

3. Results and discussion
3.1. Catalyst characterizations

The structure and components of prepared catalysts were investi-
gated by X-ray diffraction (XRD). MgO and Al,O; are in the form of
Mg-phyllosilicate Mg5Si;O;,(OH), (PDF 29-1493) and Al-phyllosilicate
Al,Si,O5(0OH), (PDF 14-0164), respectively, both of which are at the
same peak (20 = 42.6°) in Fig. 1a. When MgO is combined with Al,Os,
it exists in the form of MgAl,Si,Oc(OH), (PDF 35-0489). This fully
shows that there is a strong interaction between magnesium oxide,
aluminum oxide and silicon oxide [27]. All the samples show three
diffraction peaks at 26 of 44.5°, 51.8° and 76.3°, which correspond to
the (111), (200) and (220) crystal plane of Ni [28,29], respectively.
As shown in Fig. 1b, there is one more peak at 26.619° belonging to
MgAl,Si,0¢(OH), in Ni/Mg; ,5Al0,@SiO,, suggesting that different
Mg/Al molar ratios affect the combination of MgO, Al,O5 and SiO,.
XRD results confirm that Mg?+ and Al3* exist in the form of phyllosil-
icates instead of bulk MgO and Al,Os, illustrating strong interactions
between Mg-Al phyllosilicates and the support SiO,.

The surface morphology and element mapping analysis of the cata-
lysts were investigated by a transmission electron microscope (TEM) and
scanning electron microscopy (SEM). TEM images (Fig. 1c) show that
the structure of the Ni/Mg; ,5AlO, @SiO, catalyst is similar to a sphere.
Internal pores are beneficial to enhance the surface area and limit the ag-
glomeration of metal particles. According to N, adsorption/desorption
measurements (Fig. S1), the surface area of Ni/Mg; ,3AlO0,@SiO, is
112.5 cm? (Table 1). Although this value is not the largest among dif-
ferent samples, the average particle size of Ni nanoparticles before the
reaction is the smallest with a value of only 8.65 nm (Fig. S3). Small
Ni nanoparticles can suppress coking since carbon nanofibers are more
difficult to nucleate, not to mention subsequent growth [28,30]. Ni
nanoparticles are shown as bright dots in Fig. 1d, and their interpla-
nar distance is 0.208 nm as shown in Fig. 1e [31]. Due to the addition
of excessive urea, the solution is alkaline, so SiO, particles partially
dissolve and form Mg-Al phyllosilicate with Mg?* and AI®* (Fig. 1f).
MgAl-phyllosilicate crystal lattice effectively suppressed the growth and
migration of Ni nanoparticles. Through the corresponding element map-
ping of Ni, Mg, Al, Si, O (Fig. 1g), all the elements are dispersed uni-
formly on the surface of the carrier. Good dispersion and small size of
Ni nanoparticles help to achieve both good catalytic activity and dura-
bility.
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Fig. 1. Crystal structure and morphology of catalysts. (a) XRD patterns of Ni/Mg; ,3Al0, @SiO,, Ni/MgO@SiO, Ni/Al,0;@SiO,, Ni@SiO,. (b) XRD patterns of
Ni/Mg, ¢3Al0, @SiO,, Ni/Mg, ,,Al0, @SiO, and Ni/Mg s,AlO0, @SiO,. (c) TEM, (d) Enlarged SEM, (e) HRTEM and (f) SEM images of the Ni/Mg; ,3AlO, @SiO,. (g)
High-angle annular dark-field scanning TEM (HAADF-TEM) image of Ni/Mg; ,3AlO,@SiO, and element mapping.

Table 1

Element composition and structural properties of different samples.
Sample Metal elemental composition® Sper (m2/g)° V, (cm3/g)* Dgpy (nm)?

Ni Mg Al (wt%) (wt%) (wt%)

Ni@SiO, 27.8 - - 153.9 0.31 16.55
Ni/MgO@SiO, 22.6 11.1 - 124.5 0.27 12.72
Ni/Mg, ;Al0, @SiO, 21.3 6.8 5.1 88.2 0.39 -
Ni/Mg; ,4Al0, @SiO, 21.5 6.6 4.8 112.5 0.54 8.65
Ni/Mg; ,,Al0, @SiO, 22.0 5.8 6.2 106.5 0.57 -
Ni/Mg, ,Al0, @SiO, 23.6 4.3 7.9 88.0 0.44 -
Ni/Al,0,@SiO0, 23.5 - 10.6 64.5 0.45 11.87

a Metal elemental composition was detected through an Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).

b BET specific surface areas.
¢ Average pore volumes were determined by BJH method.
d Average particle size of metal Ni NPs was detected via SEM.

It is well known that the metal-support interaction is an important
factor affecting CRM performances [32]. Here, H,-temperature pro-
grammed reduction (H,-TPR) experiments of the samples were con-
ducted to check their metal-support interactions (Fig. 2a). There is a
broad peak between 400 °C and 600 °C for each catalyst, which is cor-
responding to the medium interaction between Ni species and the sup-
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port [29,33]. It is worth noting that catalysts containing Mg-Al supports
have a narrow reduction peak over 600 °C, which indicates that a small
part of NiO has strong interactions with the support. An additional peak
centered on 732.4 °C is found for Ni/Mg; ,5AlO,@SiO,, which suggests
even stronger metal-support interaction [13]. A higher reduction tem-
perature means the sintering resistance of metal nanoparticles is better.
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Fig. 2. Characterization of catalysts. (a) H,-TPR profiles of different catalysts. (b) CO,-TPD profiles of Ni/Mg, ,3AlO0, @SiO,, Ni/Al,0;@SiO,, Ni/MgO@SiO2,

Ni@Si0,.

That also indicates the combination of magnesium and aluminum ef-
fectively increases metal-support interactions, which contributes to the
small sizes of Ni nanoparticles (Fig. S3).

The basic sites of catalyst surfaces have a great influence on the
adsorption and dissociation of CO, [34,35]. Strong alkalinity can ef-
fectively promote CO, adsorption and dissociation [36]. As shown in
Fig. 2b, samples exhibited a low temperature desorption peak between
100 °C and 200 °C which is attributed to weak basic sites in catalysts.
The desorption peak between 400 °C and 500 °C is attributed to strong
basic sites. Interestingly, Ni/MgO@SiO, has a strong desorption peak
around 860 °C, suggesting it has strong alkalinity at high temperature.
Therefore, Ni/Mg; ,3AlO0, @SiO, displays the most basic sites that con-
tributed to strong carbon dioxide adsorption capacity [37]. CO, is the
only oxygen-containing reactant in CRM, and generated active oxygen
from CO, dissociation can interact with carbon species to avoid continu-
ous deposition of carbon on the catalyst surface (CO, + C — 2CO). The
adsorbed CO, reacts with newly formed carbon species, which plays a
significant role in eliminating carbon deposition. Thus, it is expected
to achieve low carbon deposition and good stability for those catalysts
possessing more basic sites, such as Ni/Mg; ,3A10,@SiO,.

3.2. Ultrahigh solar-to-fuel conversion efficiency

The photothermocatalytic activity of CRM was conducted in a home-
made reactor with a quartz window (Fig. S5). Upon the focused UV-
vis-IR irradiation, the surface temperature of the samples reached the
equilibrium temperature quickly (Fig. S6). Gas chromatography was em-
ployed to detect both reactants and products. As shown in Fig. 3a, b, for
Ni@SiO,, the production rates of H, (ry,) and CO (r¢o) are 45.1 mmol
min~'g! and 62.4 mmol min~'g~!, respectively. The ry, and r¢o
of Ni/Al,0;@Si0, increase to 92.8 mmol min~'g~! and 115.4 mmol
min~'g~!, and the ry, and ¢y of Ni/MgO@SiO, become 89.7 mmol
min~!g~! and 109.6 mmol min~'g~! respectively. It is obvious that
magnesium aluminum silicate as the support increases both activity
and stability significantly. For Ni/Mg ¢7AlO,@SiO,, ryy, and r¢o are
120.8 mmol min~'g~! and 138.4 mmol min~'g~!, respectively. When
the Mg/Al molar ratio is 1.22, its ry, and rey increase further to
115.6 mmol min~'g~! and 135.5 mmol min~!g™!, respectively. Espe-
cially, Ni/Mg; ,3AlO,@SiO, exhibits the best catalytic performance. Its
r, and rgg are 136.6 mmol min~!g~! and 148.2 mmol min~'g?, re-
spectively. Reaction rates of CH,(r¢y,) and CO; (r¢p,) are 75.0 mmol
min~'g~! and 81.2 mmol min~'g~!, respectively. In addition, ry, is
slightly lower than ryq in all experiments, so that H,/CO ratio is less
than 1 (Table 2), which is attributed to the existence of the reverse
water-gas shift reaction (CO,+H, = CO+H,0, RWGS). Catalysts with
magnesium aluminum silicate as the support have a higher molar ra-
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tio of H,/CO relatively, demonstrating their capabilities of inhibiting
RWGS reaction.

The change of light-to-fuel efficiency # over time is shown in Fig. 3c,
the average light-to-fuel efficiency # of Ni@SiO, is 11.6%. The reason
is that when metal particles are directly exposed to the outer surface
of SiO, without any restriction, metal particles tend to grow or aggre-
gate, so that catalytic activities will be inhibited. The average light-to-
fuel efficiency # of Ni/Al,0;@SiO, is 26.7%, and is lower than that
of Ni/MgO@SiO, (1 is 27.4%). The main problem lies in relatively
poor stability of Ni/Al,0;@SiO,, whose performance has an obvious
decline with time compared with Ni/MgO@SiO,. The average light-
to-fuel efficiency 5 of Ni/Mg 7AlO,@SiO, reaches 29.6%. As the mo-
lar ratio of Mg/Al increases, the light-to-fuel efficiency # further rises.
The average light-to-fuel efficiency of Ni/Mg; 5,AlO, @SiO, is 34.5%.
Ni/Mg; 73Al0,@SiO, has the highest average light-to-fuel efficiency »
of 35.7%. However, as the proportion of Mg+ continues to increase,
the performance begins to decline. The average light-to-fuel efficiency
n of Ni/Mg, 3Al0,@SiO, is only 31.7%. In contrast to other strate-
gies for solar thermochemical CO, reduction by CH4 below 800 °C
(Fig. 3d), Ni/Mg; 7gAlO,@SiO, possesses a record-high light-to-fuel ef-
ficiency and its conversion of CH, is as high as 70.9% (Table 2), which
is a significant advantage. Excellent photothermocatalytic durability is
another advantage. After 24 h of reaction (Fig. 3e), it’s ry, and r¢g val-
ues slightly decrease, and the ; value remains as high as 34.6%. And the
average size of Ni nanoparticles of used catalysts is 13.7 nm (Fig. 3f),
which maintains a small size. Furthermore, there are no obvious carbon
species on the catalyst. Other catalysts with molar ratios of Mg/Al of
1.22, 0.67 and 2.03 also show relatively better stability than those cata-
lysts containing single metal support during experiment tests (Fig. S7).
Another important reason why Ni/MgAlO, @SiO,, catalysts have differ-
ent catalytic performances lies in different Ni nanoparticle sizes (Fig.
S3). Basically, the smaller the metal size, the better activity and stabil-
ity the catalyst exhibits.

3.3. Origin of carbon deposition inhibition

3.3.1. Carbon deposition properties

It is well known that carbon deposition properties have a heavy in-
fluence on catalyst activity [40,41], thus thermal gravimetric (TG) was
employed (Fig. 4a and S7) to quantify the amount of carbon deposited
during reactions. All spent catalysts show a significant weight loss in
the range between 500 and 700 °C, due to the oxidation of these car-
bon species. These carbon species largely covering active sites severely
damage catalysis performance. The amount of carbon deposited on the
Ni/MgO@SiO, and Ni/Al,0;@SiO, are 45.57% and 42.05%, respec-
tively. In contrast, the Ni/Mg; ,3Al0,@SiO, catalyst displays the low-
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Fig. 3. Catalytic performance and light-to-fuel efficiency. (a) Reaction rates. (b) Production rates. (c) Light-to-fuel efficiency. (d) Comparison of light-to-fuel
efficiency with literature included in Table 2. (e) Reaction and production rates for Ni/Mg; ,3AlO,@SiO, under focused UV-vis-IR illumination and (f) SEM of

Ni/Mg; ,3AlO, @SiO, after photothermocatalytic reaction.

Table 2

Bibliographic listing of different types of catalysts and their performances in solar-driven CRM.

Catalyst H,/CO ratio Conversion of CH, (%) Reaction temperature ( °C) Light-to-fuel efficiency Refs.
SCM-Ni/SiO, 0.86 37.2 646 12.5% [19]
Ni/Ni-Al,04 0.94 34.3 725 19.9% [24]
Ni-La,03/Si0, 0.89 48.5 697 20.3% [38]
Ni-CeO,/SiO, 0.80 37.9 678 27.4% [20]
Ni, 4Co/Co-Al,0, 0.89 46.6 762 29.7% [23]
MCM-Ni/Ni-MgO 0.88 40.9 755 31.7% [25]
NiCo-ZIF/A1203 0.83 43.4 594 32.4% [26]
Ni/Mg-Al,05 0.93 38.6 703 32.9% [39]
Ni, Co/AlMg-LDH 0.85 54.1 709 33.8% [21]
Ni/Mg, ,5AlO, @SiO, 0.92 70.9 764 35.7% This work

est weight loss of 12.15%, suggesting that the quantity of active and
graphitic carbon formed is minimal. Ni/Mg; ,gAlO, @SiO, also has the
lowest carbon deposition rate of 0.005 g, g1, h = ! (Fig. 4b). XRD
analysis shows that the deposited carbon exists in the form of graphite
2H (PDF 75-1621) in spent samples of Ni/Mg; ,5AlO, @SiO, (Fig. S8).
The carbon deposition rates of Ni/Al,0;@SiOy (r, = 0.056 g, g cat
h - 1) and Ni/MgO@SiO, (r, = 0.070 g. g~ ' ;e h ~ 1) are 11.2 times and
14 times as high as that of Ni/Mg; ,5AlO0,@SiO,, respectively. The re-
sults indicate Ni/MgAlO, @SiO,catalysts are good at inhibiting carbon
deposition. According to Fig. 4c, carbon species type, active or graphitic,
can be determined with the help of the Raman spectrum [42]. One peak
at 1342 cm~! could be assigned to D band, coming from active car-
bon, and the other at 1578 cm~! could be assigned to G band, com-
ing from graphitic carbon [43,44]. The D band is deemed to be the vi-
bration of carbon atoms with dangling bonds in an amorphous carbon
network while the G band is contributed by the C-C stretching vibra-
tions of graphite layers [29,45]. The relative intensity of I5/I could
reflect the ratio of active carbon to graphite carbon [13,46] (Fig. 4d).
The high I;/Ij, ratio of Ni @SiO,, Ni/MgO@SiO, and Ni/Al,0;@SiO,
confirmed that main carbon species are active carbon [13]. Activated
carbon can cover more catalytic active sites, which is more harmful
to the stability of the reaction compared with graphitic carbon. The
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I5/Ip of Ni/MgAlO, @SiO, samples is lower, demonstrating the advan-
tage of combining MgO and Al,O3 in enhancing stability. The I5/I of
Ni/Mg; 75A10,@SiO, is 0.92, which is the lowest among all samples,
agreeing with its excellent stability shown in Fig. 3c.

In most cases, CH, dissociation and CO disproportionation are gen-
erally sources of carbon deposition [21,38]. To investigate the main
source, temperature-programmed CH, decomposition (TPMD) and CO
disproportionation (TPCD) were conducted. As shown in Fig. S12,
Ni/MgAIO, @SiO, catalysts display a relatively stronger TCD signal with
CH, decomposition rate rising, implying the formation of carbon depo-
sition. CO disproportionation begins to occur above 300 °C (Fig. 4e).
Notably, Ni/MgO@SiO, and Ni/Al,0;@SiO, show the strongest and
weakest CO consumption peaks, respectively. This suggests that Al,O5
helps to inhibit the side reaction of CO disproportionation. Although
peaking around 395 °C, TPCD signals of Ni/MgAIO,@SiO, catalysts
also have two relatively weak peaks around 450 °C and 550 °C. Around
practical operation temperature of 700 to 800 °C, TPCD signals become
weak since CO disproportionation itself is an exothermic reaction and
will be inhibited at high temperature conditions. The carbon deposition
amounts of TPMD and TPCD are determined by TG. Carbon deposition
rates of TPMD are higher than that of TPCD for all samples (Fig. 4f), illus-
trating that methane cracking is the main source of carbon deposition.
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Fig. 4. Carbon deposition properties. (a) TG profiles of all used samples. (b) Carbon deposition rates. (c) Raman spectrum. (d) I,/I; ratios. () CO-TPCD profiles.

(f) carbon deposition after TPMD and TPCD tests.

Note that the carbon deposition of Ni/Mg; ,5Al0, @SiO, during TPCD or
TPMD is not the lowest, but these carbon species can be quickly oxidized
by CO,_This is because Ni/Mg; ,3Al0, @SiO, has a strong adsorption of
CO, as confirmed by previous CO,-TPD measurements (Fig. 2b). That
explains why Ni/Mg; ,3AlO,@SiO, has the lowest carbon deposition
rate during practical operation tests (Fig. 4b).

3.3.2. Contribution of active oxygen in the support

To identify whether the lattice oxygen of MgAlO, @SiO,, contributes
to inhibiting carbon deposition, an isotope labeling experiment using
12¢180, and 12CH, was performed (Supplementary Information). The
gas in the reactor cavity was injected into GC-MS for detection before
turning on the lamp. Only three peaks can be observed corresponding to
carrier gas (Ar), and reaction gas 2CH, and C'80, (Fig. 5a). The reten-
tion time is located at 8.4-8.6 min corresponding to '2CH,, and m/z
16.1, 15.1 and 14.1 belong to 2CH, and its fragments. The retention
time of C180, is located at 11.4-12.0 min, m/z = 48.1, 46.1, and 44
belong to 12C180,,12C180100 and 12C1°0,, respectively (Fig. 5b), indi-
cating that the air in the reactor had been cleaned in advance. Then we
turned on the Xe lamp for 2 h to introduce concentrated light irradia-
tion. After that, the reacted gas was injected into GC-MS for measure-
ment. The intensity of m/z 16.1, 15.1, 14.1(CH,) and m/z = 48.0
(C'80,) is weakened (Fig. 5b), and the additional crack peak at 7.6—
7.8 min was attributed to CO (Fig. 5a). Corresponding intensities of frag-
ments of m/z = 28.1 (12C160) and 30.1 (12C!80) significantly increased
(Fig. 5b), illustrating that CRM reaction occurred. The fragment strength
corresponding to 12C'80, decreased, while the fragment strength corre-
sponding to 12C1%0, and 12C'°0'80 significantly increased. During the
reaction, 12C180, is the only oxygen-containing reactant. As a result, the
only source of 10 is the catalyst, which comes from the lattice oxygen
in MgAlO, @SiO,. This is beneficial to reducing carbon deposition and
promoting a highly active and stable photothermocatalytic reaction.

3.3.3. DFT calculations
In order to understand the improvement of Ni nanocluster cata-
lysts with different substrates, we modeled pyramidal NPs loaded on
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slabs of MgAl,Si,0,¢H4, Mg3Sis0;5H, and Al,Si,OgH,. For compar-
ison, Ni (111) surface models were also established. All substrates are
constructed with 4 x 2 x 1 supercell with the (001) facet cleaved. Ni NPs
are built as a pyramid of exposed (111) surfaces with 30 atoms. Calcu-
lations are carried out in the framework of DFT using the generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [47].
The VASP (Vienna ab initio simulation package) package is employed
with the projected augmented-wave method [48,49]. The kinetic cutoff
energy for the plane-wave basis is set to 400 eV. The Brillouin zone inte-
gration was performed on a Gamma-centered 1 X 1 x 1 K mesh. All the
atoms are fully relaxed until the force on each atom is less than 0.05 eV
/A. To analyze the performance of catalysts, we used the periodic slab
models with a vacuum layer of 15 A. Our unit cell contained four layers
with two bottom layers fixed to relax the module of the slab. Transition
state searches were conducted using the climbing image nudged elastic
band (CI-NEB) [50,51].

CH, and CO, are activated to form active species, which are the
premise of CRM. The elementary steps of CRM reaction mainly include
three parts: CH, activation dehydrogenation, CO, activation and oxida-
tion of CH* and C* species. It is crucial for CRM reaction to oxidize CH*
or C* species to remove the carbon deposition and suppress the deacti-
vation of the catalyst. The reaction energy (AE) and activation energy
(E,p) of the elementary steps of the DRM reaction are shown in Table S1.
For simplifying the calculation, the E,  calculates several key steps in
the reaction. The reaction energy diagram for CRM on Ni (111) surfaces
is depicted in Fig. 5c. It can be seen that the E,, for CH, to remove an H
atom to become CH;* on the surface of Ni/Mg; 75AlO,@SiO, is lower
than that of other supports, which only needs 0.85 eV. This ensures a
high reaction rate (entry 1 of Table S1) of CH, activation and is also
consistent with our experimental results. Besides, from the perspective
of reducing carbon deposition, the E, value of CH* oxidation to CHO*
(1.02 eV) is less than the E, ., value of CH* dissociation to C* (1.22 eV)
for Ni/Mg; ,5Al0,@SiO, (Fig. S13). Subsequently, C* species formation
is suppressed. On the contrary, Ni/Al,0;@SiO, needs the highest en-
ergy to oxidize CH*(1.44 eV), while the E,, value of CH* dissociation is
only 1.24 eV, which causes more carbon species deposition (Table S1).
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Fig. 5. Contribution of active oxygen and DFT calculation. (a) Gas chromatogram and (b) Mass spectrum of 80 isotopic labeling experiment on
Ni/Mg; ,5AlO,@SiO, under focused UV-vis-IR illumination. (c)The reaction path of CRM on Ni/ Mg, ,3AlO,@SiO, catalyst.

3.4. Decreased apparent activity energy under direct solar irradiation

It has been reported that Ni nanoparticles can simultaneously act
as active sites and plasmonic promoters under light illumination [52-
54]. Hence, distinct catalysis performances may be observed between
light illumination and dark conditions. To reveal how the light affects
the photothermocatalytic CRM reaction, optical absorption properties
of Ni@Si0,, Ni/MgO@Si0,, Ni/Al,0,@Si0, and Ni/Mg; ,5Al0, @SiO,
were measured firstly (Fig. 6a). Since light excites surface plasmon reso-
nances of Ni nanoparticles [55], all samples show good solar absorption
properties. Although Ni/Mg; ,5AlO, @SiO, has an intermediate absorp-
tance compared with Ni/MgO@SiO, and Ni/Al,0;@SiO,, its value is
still over 80% across the entire solar spectra. To check whether high tem-
perature plays a vital role in the solar-driven CRM, the experiment was
conducted at near room temperature for Ni/Mg; ,3AlO, @SiO,. No H, or
CO was detected (Fig. S14). This demonstrates that the high photother-
mocatalytic activity of Ni/MgAlO,@SiO, is derived from light-driven
thermocatalytic CRM.

To directly compare differences between photothermocatalysis and
thermocatalysis, CRM reactions over Ni/Mg; ,3AlO,@SiO, were per-
formed under light irradiation and dark conditions. It can be seen from
Fig. 6b that whether driven by light or heat, the reaction rate of the re-

137

actants increases with temperature, indicating that high temperature is
conducive to the catalytic reaction. At any temperature between 660 °C
and 860 °C, the reaction activity of Ni/Mg; ,sAlO,@SiO, under light ir-
radiation is better than that in dark conditions. The ratio of H,/CO under
dark conditions is always lower than that of photothermocatalysis at the
same temperature (Fig. 6¢), although it increases with temperature for
both cases since RWGS is inhibited by high-temperature conditions.

Kinetic studies are conducted to further explore how light irradi-
ation affects solar CRM performances. Arrhenius plots using the con-
version rate of CH, under both UV-vis-IR illumination and dark con-
ditions are presented in Fig. 6d. These curves demonstrate a good lin-
ear relationship, and have a good agreement with the Arrhenius equa-
tion [26,56] (k = Ae~Ea/RT) Accordingly, the apparent activation en-
ergy for CH, of Ni/Mg; 73Al0,@SiO, with focused UV-vis-IR irradia-
tion is 31.2 kJ mol~1, which is much less than that under dark condi-
tions (70.3 kJ mol~!). The decrease in apparent activation energy can
be ascribed to the excitation of hot electrons in metallic Ni. It has been
demonstrated by several references that excited Ni can dramatically
decrease the activation energy of CO, dissociation and CH* oxidation
compared with ground states (dark conditions) [16,19,20,52]. This ex-
plains the reduced apparent activation energy and promoted activity of
Ni/Mg; ,3Al0, @SiO, under direct light illumination.
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Fig. 6. Performance comparison for CRM and reaction kinetics. (a) Absorption spectra of Ni@SiO,, Ni/MgO@SiO2, Ni/Al,0;@SiO,, Ni/Mg; ,5AlO0, @SiO,.
(b) CH, and CO, reaction rates at different temperatures. (c) Molar ratios of H,/CO and (d) Arrhenius plot in terms of reaction rates of CH, for CRM on

Ni/Mg, ,4A10,@Si0O, under dark and focused irradiation conditions.

4. Conclusion

In summary, highly efficient solar-driven CO, conversion with CH,
is achieved via interconnected Ni/MgAlO, nanoflakes grown on SiO,
particles with an ultrahigh light-to-fuel efficiency of 35.7% below 800
°C. The excellent performance can be ascribed to the following three as-
pects. First of all, highly dispersed nickel nanoparticles with small sizes
and strong metal-support interactions are realized on Ni/MgAIO, @SiO,.
And the formation of Mg-Al phyllosilicate provides many basic sites, pro-
moting the absorption and activation of CO, molecules. Secondly, the
active oxygen in the carrier participates in the solar-driven CRM reac-
tion, which is beneficial to suppressing the formation of carbon species
produced by CH, dissociation and CO disproportionation. DFT calcula-
tions also demonstrate that the reaction on MgAlO,@SiO, has a lower
activation energy of CH* oxidation to CHO* and improves the dissocia-
tion of CH, to CH3*. At last, full-spectrum solar energy can be efficiently
captured and the light-driven CRM greatly reduces the apparent acti-
vation energy, thereby significantly improving catalytic activities under
direct light illumination. Our work demonstrates that Ni/MgAlO, @SiO,
can realize solar-driven CO, conversion with ultrahigh light-to-fuel effi-
ciency and superior stability, thus is promising to provide new opportu-
nities for tackling global climate change and energy shortage problems.
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