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ARTICLE INFO ABSTRACT

Keywords:

Oxidative dehydrogenation of ethane with CO, (ODEC) is an attractive reaction for reduction of carbon foot-
prints and ethene production. In this work, we present photothermal catalysis on confined bimetal catalysts for
ODEC. Carbon nanotubes confined non-noble bimetal alloy (i.e., CONi@CNTs and FeNi@CNTs) catalysts were
prepared and FeNi@CNTs showed effective performance in photothermal catalytic ODEC to ethene. Experiments
and simulations reveal that UV and visible lights (420 — 490 nm) are responsible for ODEC and non-oxidative
dehydrogenation of ethane, respectively, to ethene. Additionally, ODEC to ethene is preferred to C-C cracking
to methane on FeNi@CNTs in light (> 490 nm)-induced thermocatalysis. The photothermal effect turns more
significant when introduced into thermocatalytic ODEC (500 °C), with ethene generation at one order of
magnitude. This work advances new mechanism of photo-mediated catalysis and sheds light on utilization of full-
spectrum solar energy and non-noble metallic catalysts for ethene production and CO3 recycling at moderate

Non-noble metallic catalyst
Photothermal catalysis

Confinement effect

Light bands contribution

Oxidative dehydrogenation of ethane

conditions.

1. Introduction

Ethene as one of the most essential chemical feedstocks is widely
used for synthesis of fibers, rubbers, plastics, and other value-added
chemicals, and its yield is always taken as an index to measure the ca-
pacity of petrochemical industry [1]. At present, ethene used in chem-
ical industry is mainly separated from gaseous products of petroleum
oils. Due to the shortage of oil resources, ethane as one source to ethene
has abundant reserves in natural gas [2]. Therefore, dehydrogenation of
ethane is deemed as a promising route for ethene production. However,
the strong C-H bond (423 kJ/mol) of ethane enables non-oxidative
dehydrogenation of ethane (NODE) process low yields [3].

Oxidative dehydrogenation of ethane (ODE) enables the cleavage of
C-H bonds, resulting in almost commercially viable amounts of ethylene
while maintaining high selectivity [4-6]. Moreover, carbon dioxide can

* Corresponding authors.

serve as a mild oxidizing agent in ODE [7-9]. This implies that an ODE
process utilizing CO5 (ODEC) not only enhances ethene production with
remarkable selectivity but also contributes to reducing carbon emis-
sions, thereby facilitating the achievement of carbon neutrality and
addressing the global energy crisis [10,11]. Nevertheless, this process
can only be initiated at critical reaction conditions, e.g., high reaction
temperature and pressure [12]. Moreover, catalysts would be easily
deactivated at harsh conditions owing to either sintering or coking [13].
Therefore, a green and sustainable catalytic approach to trigger ODEC at
mild reaction requirements is highly desirable and remains challenging.

Photocatalysis seems to be an intriguing strategy for the ODEC pro-
cess, while its light harvesting efficiency and throughput are impeded by
the weak response ability, shallow depth of photon penetration, and
fatigued dynamics of charge carries of semiconductor-based photo-
catalysts [14-17]. Photothermal catalysis, integrating photochemical
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and thermocatalytic processes into one unit, is deemed as a perfect so-
lution to simultaneously reduce the energy consumption of thermoca-
talysis and increase the quantum efficiency of photocatalysis [18,19]. As
a rising star in the past decade, photothermal catalysis has exhibited
great potentials in the full-spectrum solar light harvesting for energy
generation and fossil fuels upgrading [20-22]. Till now, it has already
been demonstrated in versatile gas-solid-phase reactions, for examples,
dry reforming of methane (DRM) [23], Fischer-Tropsch synthesis [24,
25], Sabatier reaction [26-28], reverse water gas shift (RWGS) processes
[29], and water splitting to Hy [30,31]. Thus, photothermal catalysis
with the participation of heat and energetic hot carriers (EHC) is placed
great expectations on industrial feasibility to renovate conventional
chemical industry technique and unit operations in a clean, safe and
cost-effective manner [32]. To our knowledge, no such a work has been
yet reported in ODEC to ethene.

Fe, Co and Ni non-noble metal loaded materials are typically ther-
mocatalytic ODEC catalysts and exactly exhibit surface plasmon reso-
nance (SPR) effects under light illumination for strong photo-to-
electron/thermal abilities. In addition, carbonaceous materials can
strongly absorb sunlight in a broad range from UV to IR, especially
carbon nanotubes with the unique light confinement effect, thus are
considered as ideal supports in photothermal catalysts. In this work, we
synthesized carbon nanotubes (CNTs) confined non-noble bimetallic
catalysts (FeNi@CNTs and CoNi@CNTs) for photothermal catalytic
ODEC and illustrated the contributions of UV and visible bands to the
reaction. Compared with graphene supported monometallic catalysts
(Co/graphene, Fe/graphene, and Ni/graphene), the FeNi@CNTs
bimetal catalyst exhibited an enhanced electric field and superior light-
to-thermal efficiency. The resultant more EHC and heat on FeNi@CNTs
collectively contributed to the highest ethene production rate and
selectivity. More importantly, EHC excited under UV (EHCyy) and
visible light (420 — 490 nm, EHCyyg) irradiations directly initiated ODEC
and NODE, respectively, to produce ethene. While hot carriers induced
under visible light (> 490 nm) failed to directly activate ethane and CO,
and finally decayed into heat for thermocatalysis. Experiment and
simulation results confirmed that thermocatalytic ODEC for ethene is
preferred to thermocatalytic ethane cracking for methane on the fabri-
cated FeNi@CNTs. Moreover, the photothermal effect turns more sig-
nificant when solar light is brought into thermocatalytic ODEC (500 °C),
increasing ethene evolution by one order of magnitude.

2. Experimental section
2.1. Catalyst preparation

FeNi@CNTs preparation. K4Fe(CN)ge3H;0 (2.5 mmol) was dis-
solved into 250 mL of ultra-pure water. Then, 100 mg urea derived
carbon nitride nanosheets were dispersed with successive 1 h ultra-
sonication and 1 h stirring. After that, 250 mL of NiSO4e6H50 (0.01 M)
was dropwise added by a peristaltic pump at a rate of 2 mL/min. FeNi
Prussian blue analogue loaded carbon nitride was acquired after high
speed centrifugation, several times of washing using water and alcohol
and vacuum drying at 60 °C overnight. FeNi@CNTs was finally prepared
by calcination of FeNi Prussian blue analogue/carbon nitride in N at
500 °C for 2 h.

CoNi@CNTs preparation. The preparation process is similar to that
of FeNi@CNTs except K4Fe(CN)ce3H;O was substituted by Ks4Co
(CN)ge3H,0.

Preparation of contrast samples. A certain amount of FeCl3e3H,0/Co
(NO3)2e 6H20/Ni(NO3)206H,0 was dissolved into 50 mL ultra-pure
water, and then graphene was added with successive 1 h ultra-
sonication and 10 h stirring. A solid precursor was obtained by removal
of water at 80 °C. Corresponding Fe/Co/Ni nanoparticle loaded gra-
phene was finally acquired after Ho reduction at 500 °C for 2 h.
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2.2. Characterizations

The crystal structures of the prepared samples were analyzed with X-
ray diffraction (XRD) on an X’Pert PRO MPD, Holland. The morphology
was captured on a JEOL 2100. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray (EDX) elemental mapping images were recorded on a
FEI Titan G2 80-200 TEM/STEM. X-ray photoelectron spectroscopy
(XPS) was performed on a Kratos Axis Ultra DLD system under ultrahigh
vacuum condition, and the results were calibrated with C 1 s reference
signal (284.6 eV). Fourier transform infrared (FT-IR) spectra were
collected on a PerkinElmer instrument. A Cary 100 UV-Vis spectro-
photometer was used for recording the diffused reflectance spectra.
Raman spectra were acquired by a DXR2 Raman Microscope (Thermo
Fisher) with 532 nm line of Ar laser as the excitation source. XANES and
EXAFS measurements were acquired at the wiggler X-ray absorption
structure (XAS) beamline (12ID) at the Australian Synchrotron in
Melbourne.

2.3. Evaluation of photothermal activity

The photothermal catalytic ODEC was carried out in a self-designed
reactor equipped with an overhead Xenon lamp (See Fig. S1). At first, 20
mg catalyst was uniformly coated on a quartz microfiber filter. Before
reaction, the catalyst was activated by Hy at 500 °C for 1 h. After cooling
down to ambient temperature, the reactor was flushed by Ar to evacuate
the residual Hy. Then the reaction gases (CoHe/CO2/Ar = 40/40/20)
were introduced into the reactor at a flow rate of 20 mL/min until the
reactor was filled with the feed gases. The reaction was initiated by
turning on the light (300-780 nm). In the meantime, a thermocouple
under the catalyst bed was used to record the average temperature of
catalysts during the reaction. The effluent gases were analyzed online by
a gas chromatography (GC, Agilent 7820 A) equipped with Porapak N
and Molsieve 5 A columns. The effect of light wavelength on photo-
thermal catalytic ODEC performance was studied by changing light fil-
ters above 420 and 490 nm. Besides, thermocatalytic performance of
FeNi@CNTs for ODEC and that under light irradiation were assessed by
setting the furnace temperature at 500 °C. The carbon balance of the
photothermal catalytic ODEC system is around 80 %. To study the
photo-stability, we performed photothermal catalytic ODEC in a flow-
type reaction at room temperature with light turning on and off. For
observing the thermal stability, photothermal catalytic ODEC was per-
formed in a flow-type reaction at 500 °C for three successive ethene
monitoring.

2.4. Finite element method (FEM) simulation

In the FEM simulations, we used the COMSOL Multiphysics software
[33] to elucidate the mechanism of the improved photothermal catalytic
performance of the alloys-substrate composite under study. The FEM
domain is filled with reagent. The catalysts were modelled to mimic
their nanostructures. The radiation source is located at the top of the
domain, transmitting downward vertically with an intensity of 10*
W/m?2. Following the experimental TEM images, the nanospheres of the
alloys, made from FeNi and CoNi, are enclosed by the carbon nanotubes
(CNT). In contrast, single element nanospheres of Fe, Co, and Ni are
setting on the top of the graphene substrate, following the corresponding
experimental setup. In this way, a comparison of the total heat genera-
tion can be made on the same benchmark. The optical parameters of the
CNT [34], graphene, Fe, Co and Ni are adapted from previous works
[35], while those for the CoNi and FeNi alloys are obtained from our DFT
results using the CASTEP package [36]. In the DFT calculations, we used
the plane wave basis set, together with the generalized gradient
approximation (GGA) and Perdew-Burke-Ernzerhof (PBE) functional
[37]. The cut off energy was defined to be 340 eV. The details of the DFT
calculations may be found in our previous works [38,39].
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2.5. Density functional theory (DFT) calculation

DFT calculations for mechanism investigations were carried out
using the generalized gradient approximation (GGA) of Perdew Burke
Ernzerhof (PBE) [37]. The Vienna ab initio simulation package (VASP) is
used with the projected augmented-wave method. The kinetic cutoff
energy for the plane-wave basis was set to be 400 eV. The Brillouin zone
integration is conducted on a I'-centered 3 x 3 x 1 k mesh. All atoms are
fully relaxed until the force on each atom is less than 0.03 eV AL,

3. Results and discussion
3.1. Catalyst synthesis and characterizations

The synthesis process of CNTs confined non-noble bimetallic alloys,
i.e., FeNi@CNTs and CoNi@CNTs, includes two steps: an electrostatic
self-assembly to load Prussian blue analogue (PBA) on 2-dimentional
carbon nitride nanosheets, and subsequent calcination under inert at-
mosphere (Fig. 1). Specifically, regular FeNi or CoNi PBA nano-cubes
were in situ grown on veil-like carbon nitride nanosheets derived from
urea (Fig. S2). Then the obtained PBA/carbon nitride hybrids experi-
enced a calcination process under Ns. The calcination process under-
went three stages, including collapse of PBA cubic nanostructure
(Fig. S2a, d and g), pyrolysis of carbon nitride (Fig. S2b, e and h and S3)
and orientated growth of carbon into CNTs confined bimetal alloy
(Fig. S2¢, f and i). After the calcination process, both FeNi@CNTs and
CoNi@CNTs catalysts presented as nanoparticles encapsulated in
bamboo-like CNTs (Fig. 2a-f). The lattice distances of metal nano-
particles in FeNi@CNTs and CoNi@CNTs catalysts are both 0.21 nm,
stemming from the (111) crystal planes of FeNi and CoNi alloys (Fig. 2¢
and f) [40,41]. Meanwhile, the alloy nanoparticles were tightly enfolded
with the carbon shells, as evidenced by the lattice distance of 0.34 nm
[16].

The formation of CNTs confined bimetallic alloy nanostructures can
also be proven by STEM-EDX mapping images. Fe-Ni and Co-Ni were
evenly distributed in the FeNi and CoNi nanoparticles, respectively,
which were surrounded by carbon (Fig. 2g-h and Figs. S4-S5). For
comparisons, monometallic nanoparticles with the same metal loading
to FeNi@CNTs and CoNi@CNTs catalysts (Fe: 20 %, Co: 20 % and Ni: 30
%, determined by ICP) were prepared by loading metals on graphene
with an impregnation method (Fig. S6).

The crystal structure of the prepared samples was studied by X-ray
diffraction (XRD) (Fig. 3a). A characteristic peak centered at roughly 26°
can be found on all the samples, which originates from the carbon ma-
terials. Meanwhile, a peak at 44.28° can be observed on monometallic
Ni/graphene and Co/graphene catalysts, attributing to the (111) planes
of Ni and Co nanoparticles, respectively. No difference occurred for the
(111) peak position between CoNi@CNTs and monometallic samples

Carbon nitride nanosheets

Niso, 4 ) KsM(CN)
V > and Co
’ - \ M: Fe and Co

[]
electrostatic self-assembly -

Py - e "
o= S

Prussian blue analogue/carbon nitride
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[41]. Whilst FeNi@CNTs sample showed a slight downshift to 43.87° on
the diffraction peak of the (111) plane as parts of Ni were replaced by Fe
atoms with a smaller atomic radius, thus proving the formation of a FeNi
alloy in the FeNi@CNTs catalyst.

X-ray photoelectron spectroscopy (XPS) was used for analysis of the
surface chemical states of metals in the prepared samples (Fig. 3b and
Fig. S7-12). The metallic state of Co (at 786.72 and 803.39 eV, Fig. S10),
Fe (at 711 and 723.96 eV, Fig. S11), and Ni (at 861.59 and 880.08 eV,
Fig. S§12) can be found in the corresponding monometallic catalysts
(Table S1). Metal oxides revealed in the XPS spectra are ascribed to the
surface oxidation in air. FeO, Co° and Ni° were also observed in CNTs
encapsulated bimetallic catalysts, however, positive (positions of Fe®
and Co®) and negative (position of Ni®) shifts were accompanied due to
their modulated electronic structures. This further verified the forma-
tion of FeNi and CoNi bimetal alloys. In addition, Ni K-edge X-ray ab-
sorption near-edge structure (XANES) spectra and Fourier transform for
the extended X-ray fine structure (EXAFS) measurements solidly
confirmed the existence of FeNi bonding in FeNi@CNTs at a bond length
of 2.2 1°\, rather than Fe-N coordination in PBA and Fe-Fe in Fe foil
(Fig. 3c-d).

Moreover, Raman spectra displayed an obvious D band at ~1351 cm”
! and an apparent G band at ~1593 cm™’. The former D band belonged to
the structural defects in the graphitic sp? network and the latter G band
was assigned to the sp? hybridized carbon atoms in a hexagonal
graphitic ring (Fig. 3e). The intensity ratio between the D and G bands
(Ip/Ig) was almost the same between FeNi@CNTs and corresponding
monometallic catalysts, suggesting a similar graphitization degree be-
tween CNTs shells of FeNi@CNTs and graphene. By contrast, a relatively
low Ip/Ig ratio can be seen in CoNi@CNTs compared with graphene
supported Co nanoparticles, which is possibly owing to the more pyr-
rolic N doping realized by the pyrolyzation of carbon nitride (Fig. S3 and
S9).

The light responsive ability of all the samples was studied. Compared
with monometallic catalysts, CNTs confined bimetallic catalysts expe-
rienced sharp improvements in the absorption intensity throughout the
whole solar light spectrum (Fig. 3f). This is because of the interaction
within bimetallic alloy nanoparticles and the confinement effect of
CNTs. Therefore, the enhanced light absorption would result in more hot
carriers via Landau damping [42,43]. Hot carriers with higher energy
than the HOMO/LUMO energies of reactants would directly participate
in redox reactions in the form of EHC. While hot carriers failed to
reduce/oxidize reactants would activate reactants and accelerate the
reaction rate by decaying into heat via Ohmic damping. Both EHC and
heat are two important components in the photothermal catalytic
process.

Bimetal alloy nanoparticle

v

calcination in N,

$ e &

Bimetal alloy@CNTs

Fig. 1. Illustration of synthesis of carbon nanotubes confined bimetallic alloy photothermal catalysts.
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Fig. 2. Catalyst characterizations. (a-c) Transmission electron microscope (TEM) images of CONi@CNTs. (d-f) TEM images of FeNi@CNTs. (g, h) High-angle annular

dark field (HAADF) and elemental mapping images of FeNi@CNTs.
3.2. Photothermal catalytic activity

Photothermal catalytic ODEC to ethene was carried out in a self-
designed fixed-bed quartz reactor with a continuous gas flow at atmo-
spheric pressure (Fig. S1). The reactor allows all the feed gas to pass
through the catalyst bed. A passband infrared (IR) filter was used on the
Xenon lamp to avoid the thermal effect of IR light on the surface of the
catalysts. The thermal energy in the photothermal catalysis only comes
from the conversion of UV and visible lights to heat in the absence of
external heating. Prior to reaction, a blank photothermal catalytic
experiment in the absence of a catalyst was performed, and no product
can be detected, proving the reliability of the self-designed reactor.
Meanwhile, carbonaceous materials including graphene and carbon
nanotube were used for photothermal ODEC but no CO gas was detec-
ted, proving that the carbonaceous supports cannot react with reactants

for C-based products.

The photothermal catalytic activities of all the catalysts in the ODEC
process were evaluated. Simultaneously, the catalyst temperature was in
situ monitored by a thermocouple during the reaction process. Although
this measurement may not provide an exact reading of the catalyst
surface temperature, it can still be utilized to comparatively assess the
solar-to-thermal conversion efficiency among different catalysts in this
study [44]. The average temperature of all the catalysts stabilized above
150 °C after 1 h light irradiation, especially FeNi@CNTs reached the
highest at about 200 °C, suggesting their remarkable photo-to-thermal
capabilities (Fig. 4a). Compared with the light absorption ability of
catalysts in an order: CoNi@CNTs>FeNi@CNTs > Co/graphene >
Fe/graphene > Ni/graphene (Fig. 3f), catalyst temperature showed a
different order in FeNi@CNTs > CoNi@CNTs > Fe/graphene > Ni/gra-
phene > Co/graphene. The difference reflects that Fe exhibits higher
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Fig. 3. Catalyst structure investigations. (a) XRD patterns of different samples. (b) Fe 2p and Ni 2p XPS spectra of FeNi@CNTs. (c) Ni K-edge X-ray absorption near-
edge structure (XANES) spectra. (d) Fourier transform for the extended X-ray fine structure (EXAFS) measurements of FeNi@CNTs and standard references. (e)

Raman spectra, and (f) UV-Vis spectra of all the prepared samples.

photo-to-thermal efficiency than Co, rendering FeNi bimetallic catalyst
with more heat generated than CoNi bimetallic catalyst. Additionally,
the temperatures of graphene and carbon nanotubes were monitored
both in situ (Fig. S13) and ex situ (Fig. S14) under light irradiation. The
results indicate a higher temperature on carbon nanotubes than gra-
phene, confirming the confinement effect on light absorption and
photo-to-thermal efficiency.

In the photothermal ODEC process, CoH4 and syngas are the main
products on all the metallic catalysts (Table 1). Methane can simulta-
neously be detected as a byproduct owing to the ethane cracking pro-
cess. Apart from a high photothermal catalytic performance of ODEC to
ethene, Ni/graphene showed superior photothermal catalytic abilities of
ethane cracking and ethane dry reforming, especially an extremely high
yield of CO (111,055 pmol/h/g). As thus, the selectivity of ethene in the
effluent products is much low at 1.1 % despite of a high ethane con-
version of 2.6 %. Co/graphene shows worse activities in photothermal
catalytic ethane conversion compared with Ni/graphene and a low
selectivity to ethene. Consequently, the ethene selectivity is not
improved for CoNi bimetallic nanoparticles in the pore channels of
CNTs. While mono-Fe based catalyst behaved the best selectivity to
ethene among the three monometallic catalysts regardless of low acti-
vations of ethane and CO,. The CoH4 evolution rate stood out in all the
samples after encapsulating FeNi bimetallic nanoparticles into CNTs,
reaching as high as 768 pmol/h/g (Fig. 4b). In the meantime, the pro-
cesses of ethane cracking and ethane dry reforming are significantly
suppressed, enabling the selectivity of CoHy in the effluents for
FeNi@CNTs reaches as high as 44.7 %.

It should be mentioned that the photothermal catalytic performance
of FeNi@CNTs in ODEC is comparable to its thermocatalytic activity at
500 °C (Table 1) and higher than photocatalysis with noble metals
loaded semiconductor-based catalysts (Table S2). Besides, the photo-

stability of FeNi@CNTs was investigated by turning light on and off in
photothermal catalytic ODEC. A reproducibility was observed after the
light was on again, meaning a good stability of FeNi@CNTs (Fig. 4c).
Furthermore, the catalyst maintained stable properties after the photo-
thermal catalysis as revealed by the unchanged XRD peaks, XPS results
and Ip/Ig ratio (Fig. S15-20). Considering the mild reaction conditions
(atmospheric pressure) and less energy consumptions (without external
heating), the results in this photothermal catalytic system proves that
the photons contribute significantly to offsetting the endotherm of
ODEC, showing a great improvement in environment and process
efficiency.

3.3. Contributions of light wavelength bands

To unveil the photo effect on photothermal catalytic ODEC, we tested
light with different wavelength bands for ethane and CO; activations
(Fig. 4d). When the light was changed from UV-+Vis to visible light only,
product of CO disappeared in the effluent. UV light has enough energy
for the excitation of EHC compared with visible light, as such, the en-
ergetic hot electrons induced by UV light rather than visible light in the
photothermal catalytic system are responsible for the reduction of CO,.
Ethene evolution rate is sharply decreased from 768 to 158 pmol/h/g
when UV light was filtered off. Instead, methane generation rate keeps
unchanged, suggesting that energetic hot holes excited by UV light is
mainly involved into the cleavage of C-H bond in ethane to ethene
(Fig. 4e). Moreover, the ethene production rate dropped while methane
generation rate remained when visible light at a specific range of
420-490 nm was further cut, indicating that EHCyg at a shorter wave-
length range (420-490 nm) are in charge of NODE to ethene and
hydrogen (Fig. 4e). This is because the hot electrons excited under
visible light (420-490 nm) are less energetic than that induced by UV
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Table 1

Photothermal ODEC performances of the as-prepared samples.
Performance CH,4 H, Cco CoHy CoHg “Scona%
Sample pmol/ pmol/ pmol/ pmol/ conversion

h/g h/g h/g h/g %
Ni/graphene 614 23517 111055 629 2.6 1.1
Co/ 222 370 7096 148 0.4 3.9
graphene

Fe/graphene 223 321 1656 459 0.3 32.8
CoNi@CNTs 214 978 17911 292 1.1 3.1
"FeNi@CNTs 220 45 1682 768 0.4 44.7
‘FeNi@CNTs 210 12 NA 98 NA 48.3
‘FeNi@CNTs 202 16 NA 158 NA 61.0
“FeNi@CNTs 236 171 4321 1767 0.5 43.7
'FeNi@CNTs 389 986 24759 8952 2.3 41.6

@ C,Hy selectivity Scong = CoHy generation rate / (CoH, generation rate +1/2
CO generation rate +1/2 CH,4 generation rate).

b Photothermal ODEC under full spectrum light irradiation;

¢ Photothermal ODEC under irradiation of light above 490 nm;

4 Photothermal ODEC under irradiation of light above 420 nm;

¢ Thermocatalytic ODEC at furnace temperature of 500 °C;

f Photothermal catalytic ODEC at furnace temperature of 500 °C;

light. Therefore, the hot electrons can only realize the Hy production,
rather than CO; reduction (Fig. 4e). Visible light at a longer wavelength
range (> 490 nm) unselectively triggers ethane cracking for methane
and dehydrogenation of ethane to ethene. The trend is consistent with
thermocatalysis, indicating hot carriers excited by visible light at above
490 nm fail to activate the reactants and finally participate in photo-
thermal catalysis in the form of heat (Fig. 4e). Based on this, the selec-
tivity for different catalytic pathways (ODEC, NODE, ethane cracking

and ethane reforming processes) can be regulated via changing the
wavelength bands of solar light.

The photothermal effects with different light wavelength bands in
photothermal catalytic ODEC can be explained by the monitored cata-
lyst temperature (Fig. S21). The catalyst temperature reached as high as
209 °C under UV+visible light illumination and stabilized at 202 and
190 °C after UV light and UV+visible light (420-490 nm) are filtered,
respectively. This suggests that most hot carriers excited by UV+visible
light (420-490 nm) are energetic enough to directly activate reactants,
while most hot carriers excited by visible light (> 490 nm) decay into
heat.

3.4. Mechanistic investigations

Photothermal catalysis is integrated by an energetic hot carriers-
driven photochemical process and a thermocatalysis actuated by the
heat from decay of hot carriers. As such, to explain the high generation
rate and selectivity to ethene on FeNi@CNTs in photothermal catalysis,
we first conducted simulations of enhanced electric field and generated
heat under light illumination with the finite element method (FEM)
(Fig. 5a, b and Fig. S22-25). Fe/graphene exhibits a higher electric field
than Ni/graphene catalyst only in part of UV spectrum. An electric field
would be generated in the form of free movement of hot electrons. As
such, the stronger intensity of the electric field suggests higher density of
high-energy electrons. Considering the stronger C-H bond (423 kJ/mol)
than C-C bond (377 kJ/mol), EHCyy are thermodynamically more
favorable for the cleavage of the C-H bond of ethane. Therefore, a higher
selectivity for ethene generation is realized on Fe/graphene than on Ni/
graphene. After the fabrication of FeNi@CNTs, the electric field is
remarkably enhanced throughout UV+Vis light regions. Especially, the
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electric field under UV light is higher than that under visible light.
Therefore, more EHCs are excited on FeNi@CNTs than graphene sup-
ported monometallic catalysts, which are beneficial for the dissociation
of CO, and cleavage of C-H bond.

Besides, more heat is generated on the bimetal alloy in the confined
pore channels, as shown from Fig. 5b and Fig. $24-25. This is consistent
with the highest catalyst temperature of FeNi@CNTs in photothermal
catalysis (Fig. 4a). For the photo-converted heat driven thermocatalytic
process in photothermal catalysis, density functional theory (DFT)
calculation is then performed to investigate the thermocatalytic path-
ways on FeNi@CNTs for the breakup of C-H bond of ethane to ethene
and dissociation of C-C bond of ethane to methane/syngas (Fig. S26-27).

As displayed in Fig. 5c and Table S3, the C-H bond cleavage along the
oxidative dehydrogenation reaction (CoHg (g) + 20* — CH3CHy* + 3/
20* + 1/2H50 (g)) (AE = —0.1 eV) pathway is thermodynamically and
kinetically more favorable than the O* insertion reaction (CoHg (g) +
20*— CH3CH20* + 1/20* + 1/2H30 (g)) (AE = 0.61 eV). This is the
main reason for the high selectivity for ethene on FeNi@CNTs in ther-
mocatalysis. The formed CH3CH20* undergoes two facile

dehydrogenation reactions: CH3CH20* + 1/20* + 1/2H30 (g) —
CH3CHO* + *H,0 (g) and CH3CHO* + *H0 (g) - CH3CO* - 1/20* +
3/2H50 (g) to produce CH3CO*, which facilitates the C-C bond cleavage
to form CHz* + CO*. The C-C bond cleavage via CH3CH;0* and
CH3CO* intermediates shows that the oxidative C-C bond cleavage is
preferred on the top-top site of FeNi alloy (Table S4). While the formed
CH3CHy* experienced a further dehydrogenation process to ethene:
CH3CHy* + 3/20* + 1/2H50 (g) - CHCHo* + O* + Ho0 (g). After
that, it is difficult to break C-H bond of the formed ethene (CH,CH>* +
O* + Hy0 (g) — CHyCH* + 1/20* + 3/2H30 (g)) owing to the high
reaction energy of 2.48 eV, so that ethene is easy to be emitted as the
final product in the C-H bond cleavage pathway. Therefore, the DFT
results confirmed that ODEC to ethene is also preferred on FeNi@CNTs
catalyst in thermocatalysis driven by photo generated heat. As the re-
sults, these two enhanced components of EHC and heat render
FeNi@CNTs higher performance and selectivity for ODEC to ethene in
photothermal catalysis.

The reaction mechanism for photothermal catalytic ODEC on
FeNi@CNTs is summarized based on the EHC driven photochemical
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catalysis and internal thermal induced thermocatalysis. EHCyy and
EHCys (420 — 490 nm) directly initiate ODEC and NODE, respectively to
ethene (Fig. 5d). While hot carriers induced by visible light (> 490 nm)
failing to activate CO3 and ethane molecules will decay in the form of
heat. Ethene is the main product on FeNi@CNTs in photo induced
thermocatalysis, attributing to the lower reaction energy of C-H bond
cleavage than C-C bond dissociation (Fig. 5e). Therefore, the enhanced
electric field and the reduced thermodynamic reaction energy for C-H
bond cleavage on FeNi@CNTs contribute the high selectivity for ethene.

3.5. Scale up of photothermal effect

Photothermal effect was introduced into a flow-type thermocatalytic
ODEC process (external heating of 500 °C) with FeNi@CNTs. Compared
with thermocatalytic performance, photothermal catalysis exhibits a
remarkable enhancement on the generation of ethene (9.0 mmol/h/g)
and a good stability in three successive ethene monitoring (Fig. 5f and
Fig. S28). The photothermal effect at 500 °C is calculated by subtracting
the thermocatalytic performance from photothermal catalytic perfor-
mance (Table 1). The photothermal effect at 500 °C on ethene evolution
rate (7.2 mmol/h/g) is extraordinarily improved by an order of
magnitude than that without external heating. Meanwhile, the selec-
tivity for ethene remains as high as 41.6 % after thermocatalytic ODEC is
irradiated by solar light. The enhanced performance is attributed to the
more energetic hot carriers at external heating and the more heat of
45 °C of temperature increase on FeNi@CNTs under light irradiation.
Considering the external heat can be derived from solar light (infrared
light heating or light concentrator), ODEC to ethene will be realized in a
clean and sustainable manner.

4. Conclusions

Bimetallic alloys encapsulated by CNTs have been derived from
Prussian blue analogues/CsNy4 precursors. The fabricated FeNi bime-
tallic alloy with CNTs confinement behaves an enhanced electric field
compared with its monometallic catalyst counterparts, leading to more
EHC and internal heat. The EHCyy and EHCys (420-490 nm) directly
initiate ODEC and NODE, respectively, to ethene. While hot carriers
excited by visible light (> 490 nm) are responsible for internal heat. The
resultant thermocatalysis is favorable for the cleavage of C-H bond of
ethane to ethene. As such, the enhanced electric field for more hot
carriers and the reduced thermodynamic reaction energy for C-H bond
cleavage on FeNi@CNTs collectively achieve a higher production rate
and selectivity for ethene. The photothermal effect on ethene evolution
and selectivity is dramatically enhanced when solar light is introduced
into thermocatalysis. This work unravels the key components and their
roles in photothermal catalysis and provides a sustainable strategy for
ethane and CO, conversions, as well as ethene production.
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