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1 | INTRODUCTION

The increased concentration of CO, results in significant environmen-
tal impacts, such as global warming and sea level rise.? To effectively
control the greenhouse effect caused by CO,, there is an urgent need

for CO, emission reduction. Currently, carbon capture and storage

We report a plasma-assisted CO, hydrogenation to CH3;0H over Fe,O3/y-Al,O3 cat-
alysts, achieving 12% CO, conversion and 58% CH3;OH selectivity at a temperature
of nearly 80°C atm pressure. We investigated the effect of various supports and
loadings of the Fe-based catalysts, as well as optimized reaction conditions. We char-
acterized catalysts by X-ray powder diffraction (XRD), hydrogen temperature pro-
grammed reduction (H,-TPR), CO, and CO temperature programmed desorption
(CO,/CO-TPD), high-resolution transmission electron microscopy (HRTEM), scanning
transmission electron microscopy (STEM), x-ray photoelectron spectroscopy (XPS),
Méossbauer, and Fourier transform infrared (FTIR). The XPS results show that the
enhanced CO, conversion and CH3;OH selectivity are attributed to the chemisorbed
oxygen species on Fe,03/y-Al,O3. Furthermore, the diffuse reflectance infrared Fou-
rier transform spectroscopy (DRIFTs) and TPD results illustrate that the catalysts
with stronger CO, adsorption capacity exhibit a higher reaction performance. In situ
DRIFTS gain insight into the specific reaction pathways in the CO,/H, plasma. This
study reveals the role of chemisorbed oxygen species as a key intermediate, and
inspires to design highly efficient catalysts and expand the catalytic systems for CO,
hydrogenation to CH3;OH.

KEYWORDS
chemisorbed oxygen, CO, hydrogenation, iron-based catalyst, methanol production, plasma
catalysis

(CCS) or utilization (CCU) are the main strategies to mitigate CO,
emissions.?® Obviously, compared to CCS, CCU can not only reduce
CO, emissions but also produce value-added chemicals (e.g., CO, CHg,
CH30OH, DME, and higher hydrocarbons). Among these chemicals,
CH3OH is an important industrial chemical, since it is used as a gaso-

line additive, a hydrogen storage compound, and a feedstock for the
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production of bulk chemicals (e.g., olefins and aromatics). Therefore,
the production of CH3OH through hydrogenation of CO, has
attracted major attention of researchers. However, based on Le Cha-
telier's principle, a considerable CH;OH selectivity can only be
achieved at high pressure. That is, caused by thermodynamic limita-
tions and a kinetic barrier, usually 2-5 MPa and 180-330°C have
been adopted in CO, hydrogenation to CHz;OH.*"®

The combination of catalysts and nonthermal plasma (NTP), in
so-called plasma catalysis, is a potential strategy to realize CO,
hydrogenation to CH3OH at mild conditions. In NTP, the overall gas
temperature typically remains below 100°C, while the generated elec-
trons are highly energetic, with a typical temperature of 1-10 eV,
which is sufficient to activate reactant molecules (e.g., CO, and H,) into
radicals, excited atoms and molecules, and ions. These reactive species
can initiate a variety of chemical reactions at room temperature.~*

In recent years, plasma-catalytic CO, hydrogenation has attracted
more and more attention, but mainly focused on the reverse water
gas shift (RWGS) reaction'?"*® and the methanation reaction.'¢%!
Plasma-catalytic CO, hydrogenation for methanol synthesis is a prom-
ising process for CO, conversion and utilization.?? In our previous
work, we achieved 54% CH3;OH selectivity over Cu/y-Al,O3 cata-
lyst.2®
duction over Cu/y-Al,O3 catalyst at ambient temperature by combing

Recently, we revealed the reaction mechanism of CH;OH pro-

experimental results and DFT calculations.?

In-, Mo-, Ni-, and Cu-based catalysts have been reported to have
good catalytic properties in CO, hydrogenation to methanol.2°~%° Fe-
based catalysts have been reported to have good catalytic properties
in CO, hydrogenation to hydrocarbons,3! and Co-based catalysts can
promote the C—C coupling reaction.®? Therefore, in this work, we
investigated the catalytic performance of CoO, In,O3, MoO3;, NiO,
CuO, and Fe,O3 in plasma-catalytic CO, hydrogenation to CH;OH,
and the Fe,;03/y-Al,O3 catalyst shows the best CH3OH selectivity
(58%) and CO, conversion (12%), operated at atmospheric pressure
and 80°C. Our characterization results show that the catalyst with
more chemisorbed oxygen species, as well as stronger CO, adsorption
capacity, exhibits a higher CO, conversion and CH;OH selectivity. Fe-
based catalysts are usually used in CO, hydrogenation for production
of hydrocarbons.2123 Although very few papers report the catalysis of
Fe,O3 species for CO, hydrogenation to CH3OH, it often needs to
combine with another component.3*3> Vajda et al. described a Cus/
Fe,O5; catalyst for CO, hydrogenation to methanol at near atmo-
spheric pressure.>* They found that Cuy clusters facilitate the reduc-
tion of Fe,O5-producing surface-rich Fe?" species in the proximate
sites, and the as-formed Fe®" species in return promote CO, activa-
tion and transformation over Cu, cluster. Loganathan et al. reported a
quartz wool-supported CuO—Fe,O3 catalyst for CO, hydrogenation
to CH3OH, by combining thermal catalysis and NTP with an input
power of 2 W, achieving 16.7% CO, conversion with 32.7% CH3;OH
selectivity.®> Noted that Xie et al. studied methanol/ethanol synthesis
using a Fe;03/Al,03 catalyst and a slurry reactor, but they used syn-

k.26 Therefore, our paper is very

gas (CO/H, mixture) as a feed stoc
useful to expand the catalytic systems, focusing on the role of chemi-

sorbed oxygen species, for CO, hydrogenation to CH;OH.
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2 | EXPERIMENTAL

21 | Catalyst preparation
Fe,O3/y-Al,O5 catalysts with various loadings (i.e., 1, 3, 5, 10, 20, and
25 wt.%) were prepared by incipient wetness impregnation. High-
purity y-Al,0O3 (Dalian Luming Nanometer Material Co., Ltd., and the
water absorption of y-Al,O3 support is 1.25 mL/g) was used as sup-
port, which was calcined in air at 350°C for 5 h before the addition of
metal precursor solution. The concentrations of the aqueous solutions
of metal precursors were adjusted at room temperature to obtain the
appropriate Fe loading on the final catalysts. The impregnated sam-
ples were dried overnight in air at 120°C. After cooling to room tem-
perature, the samples were calcined in a muffle furnace for 5h at
450°C. Finally, the catalysts (20-40 mesh) prepared by incipient wet-
ness impregnation were stored in a closed container before use.
Iron-based catalysts using different supports, that is, SiO,, TiO,,
CeO,, In,03, ZrO,, and Al(OH)3, were also prepared with 5 wt.% load-
ing via the same incipient wetness impregnation method, and the
obtained samples are denoted as Fe,O3/SiO,, Fe,O3/TiO,, Fe,O3/
Ce0,, Fey03/In,03, Fe,03/ZrO,, and Fe,O3/Al(OH)s, respectively.
Finally, the same method was used to prepare other catalysts with dif-
ferent active metals, that is, CoO/y-Al;O3, In,03/y-Al,O3, MoO3/y-
Al,O3, NiO/y-Al,O3 and CuO/y-Al,O3.

2.2 | Catalytic tests

The hydrogenation of CO, to CH3OH at atmospheric pressure was
carried out using the plasma catalysis set up illustrated in Figure S1. A
dielectric barrier discharge (DBD) reactor with a liquid grounding elec-
trode (water) and a metal high-voltage electrode (stainless steel rod)
was designed. The discharge length of the DBD reactor was fixed at
50 mm with a discharge gap of 4 mm, and 1.2 g catalyst was packed
into the discharge area. The flow rate of CO, and H, was maintained at
18 and 57 mL/min, respectively, by mass flow controllers. Typically,
the temperature of the circulating water (grounding electrode) was
maintained at 60°C, the discharge frequency was fixed at 9 kHz, and
the effective discharge power was fixed at 18 W (calculated by the
Q-U Lissajous method). The change of gas volume was measured by
soap film meters. The temperature of the discharge area was mea-
sured with an infrared camera, as shown in Figure S2. It can be seen
that the temperature of the inner reactor wall was around 60°C,
which is similar to the temperature of the circulating water (the
grounding electrode). However, the temperature of the central area
of the catalyst bed was around 80°C, which is caused by the exo-
thermal character of CO, hydrogenation and by the high energy den-
sity of the DBD plasma. Moreover, the waveforms of discharge
voltage and current were measured by a four-channel digital oscillo-
scope (Tektronix, DPO 3012), equipped with a high-voltage probe
(Tektronix P6015A) and a current probe (Pearson 6585). A cold trap
(i.e., mixture of liquid nitrogen and acetone) was placed at the exit of

the DBD reactor to condense liquid products.
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The tail gas was analyzed using a gas chromatograph equipped
with a thermal conductivity detector (TCD) of Tianmei 7890 II. The
exact flow rate of tail gas before and after the reaction was measured
via a flow meter, to eliminate the analysis error caused by gas com-
pression/expansion. The liquid oxygenate products (collected in the
cold trap) were quantitatively analyzed using a gas chromatograph
(Shimadzu GC-2014) equipped with a flame ionization detector (FID)
and a PEG-20 M column. Gas products were injected into a gas chro-
matograph (Tianmei 7890 Il) equipped with a TCD and a TDX-01 col-
umn online every 30 min, and the liquid products were detected after
a 3 h reaction. The signal value of exhaust gas was analyzed online by
a mass spectrometer (HIDEN) with Faraday detection mode.

To evaluate the reaction performance of the catalyst, the CO,
conversion (X) and selectivity (S) of the major products were calcu-
lated via the following formulas. It is worth noting that, in the con-
densed liquid, only CH3;OH has been detected. In the tail gas, besides
CH,4 and CO, also unreacted CO, and H, were detected (Figure S3).
Also, there was no carbon deposition (coking) in the catalyst after the
reaction. Therefore, CO, CH,, and CH3OH are the only products in
our experiments, and thus, the selectivity of CH3;OH can be reason-
ably calculated using Formula (4). Furthermore, we checked the car-
bon balance, and it is close to 100% in the case of 20 h continuous
operation (Figure S4). The energy consumption of CHzOH formation
(J/mol) is defined by Formula (5).

n(CO,);, ~n(CO,)

Xco, (%) = n(COy) out » 100% (1)
n
n(CO)
Sco(%) =———=——20t ____ «100% 2
CO( 0) n(COZ)in 7"(C02)out ! ( )
N(CHa)gue
ScH, (%) =————2 % 100% 3
) = 1€02) (€O e ’ ©
Sct;0H(%) = 100% — Sco — Sch, (4)
. discharge power (J/s
energy consumption (kJ/mmol) = rate of CH3OH product(ed/(r)nol/s)
x107°

©)

2.3 | Catalyst characterization

The crystalline structure of the catalysts was determined by x-ray
powder diffraction (XRD) using an x-ray diffractometer (Rigaku
D-Max 2400) with Cu Ka radiation (A = 0.15406 nm). For >”Fe Méss-
bauer measurements, the samples were recorded on an MFD-500AV
spectrometer at room temperature. °’Co (Rh) was used as a radioac-
tive source, and a-Fe was used as reference at 25°C. Nitrogen
adsorption-desorption isotherms of the samples were obtained at
—196°C using a N, physisorption apparatus (Micromeritics ASAP
3020). The specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) method. The total pore volume (V,,) was deter-
mined at a relative pressure of P/P,=0.99, and the mean pore

diameter (Dp) was determined by the Barret-Joyner-Halenda (BJH)
method from the desorption branch of the isotherm. Microstructure
characterization of the catalysts was examined by high-resolution
transmission electron microscopy (HRTEM) (Tecnai G2 F30 S-Twin),
with an energy dispersive x-ray spectrometer (EDXS) and scanning
transmission electron microscopy (STEM) with bright field (BF) and
dark field (DF), at an accelerating voltage of 300 kV. X-ray photoelec-
tron spectroscopy (XPS) was carried out using a Thermo ESCALAB Xl
+ spectrometer to reveal the valence states and chemical environ-
ment of the elements in the catalysts.

The redox behavior of the fresh and spent catalysts was investi-
gated by hydrogen temperature programmed reduction (H,-TPR)
using a chemisorption instrument (Quantachrome ChemBET 3000).
The TPR analysis was carried out in an H,/Ar mixture flow (10% Ho,
120 cm®/min) from room temperature to 800°C with a heating rate of
10°C/min. The H, concentration in the tail gas was monitored by the
TCD, to indicate the H, consumption as a function of temperature.
CO, and CO temperature programmed desorption (CO,/CO-TPD)
were performed at the same apparatus. The sample was then purged
with CO, or CO for another 1 h at 30°C. Helium purging was followed
to remove CO, or CO, which was physically adsorbed on the catalyst.
Finally, the sample was heated to 700°C under the flowing helium.
The composition of the effluent gas was measured by the TCD. Dif-
fuse reflectance infrared Fourier transform spectroscopy (DRIFTSs)
was executed on a Fourier transform infrared spectrometer (Nicolet
6700) equipped with mercury—cadmium—telluride detector (cooled
by liquid nitrogen) by averaging 64 scans at resolution of 8 cm™! in
the range of 4000-400 cm~ L. The DRIFTs cell (Harrick, HVC-DRP)
fitted with ZnSe windows was used as the reaction chamber. For all
of the DRIFTs experiments, the catalysts were first purged with N, at
400°C for 240 min, and the flow rate was controlled at 40 mL min~2.
Subsequently, the catalysts were exposed to CO, flow (20 mL min~1)
at 25°C for 30 min. After that, the atmosphere was switched to N,
(40 mL min~1), aiming to purge CO, adsorbed on the catalyst. Finally,
the DRIFTs were collected.

24 | Plasma diagnostics

The emission spectra of the H,/CO, plasma at different conditions
were recorded using a Princeton Instruments ICCD spectrometer
(SP 2758) in the range of 200-1200 nm via an optical fiber, which
directly faces toward the outside wall of the DBD reactor. The slit
width and grating of the spectrometer were fixed at 20 um and

300 g mm~2, respectively.

3 | RESULTS AND DISCUSSION
3.1 | Catalytic performance

As shown in Figure S5a,c, among the different metal oxide catalysts,
Fe,O3/y-Al,O3 shows the highest CH3OH selectivity (ca. 58%) and
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CO, conversion (ca. 12%). In addition, the effect of various supports
was also investigated using Fe as the loading metal. As shown in
Figure S5b,d, the catalyst with y-Al,O3 as support, that is, Fe,O3/y-Al,Os,
exhibits the best catalytic performance. Furthermore, the residence time
of the CO,/H, mixture, the mole ratio of CO,/H,, the discharge power,
and the temperature of circulating water were also investigated, and the
results are presented in Figure 1 and Table S1.

The variation of residence time was realized by adjusting the flow
rate of CO,/H, mixture (Figure 1A). The specific energy input (SEI)
was different when we investigated the effect of residence time on
the reaction performance. The longer the residence time, the higher
the SEI. For chemical reaction driven by plasma, usually, high SEI
favors endothermic reaction, but restrain exothermic reaction, since
high SEI leads to a strong heating effect (Figure $6).2”*® More impor-
tantly, the longer residence time may lead to higher probability of col-
lisions between energetic electrons and reactive species, which would
further affect the products distributions. That is, CH;0OH decomposi-
tion caused by collisions with energetic electrons may be the main
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reason why we achieved a low CH3OH selectivity at longer residence
time, compared with 3.1 s. On the other hand, the shorter residence
time also seems inappropriate because CO, hydrogenation is a step-
wise process, which means that production of CH3;0OH from CO,
hydrogenation needs many elementary reaction steps. Therefore, a
moderate residence time (3.1 s) is necessary in this study. As shown in
Figure 1B, there is no significant difference in methanol selectivity at
different CO,/H, molar ratios. However, higher CO, conversion was
obtained in the case of lower CO,/H, molar ratio.

As shown in Figure 1C, the higher the input power, the higher the
CO, conversion, which is mainly due to the higher density of ener-
getic electrons promoting the dissociation of CO,. However, the
CH3OH selectivity decreased but CO selectivity increased with the
increasing of input power, which means that higher input power can
promote RWGS reaction but inhibit CH3;OH synthesis, and the
decomposition of methanol will also take place under the high input
power. In this work, we used a critical discharge power of ca. 18 W
(the lowest power to trigger the discharge) for the subsequent
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CO and CH3OH selectivity and CO, conversion at different plasma catalysis conditions. (A) Effect of residence time, at discharge

power 25 W, CO,/H, = 1/3, 60°C circulating water; (B) Effect of CO,/H, ratio, at discharge power 25 W, residence time 3.1 s, 60°C circulating
water; (C) Effect of input power, at CO,/H, = 1/3, residence time 3.1 s, 60°C circulating water. (D) Effect of circulating water temperature, at
discharge power 18 W, CO,/H, = 1/3, residence time 3.1 s. (discharge frequency 9 kHz, 1 atm pressure).
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plasma-catalytic reaction. The products distribution was also regulated
by changing the temperature of circulating water, as shown in
Figure 1D. It can be seen that the optimized temperature of circulat-
ing water for CO, hydrogenation to CH30H is ca. 60°C. In this case,
the average temperature in the discharge area is about 80°C
(Figure S2), which is slightly higher than the boiling point of CH;OH
(64.8°C). Thus, we suggest that this temperature may favor desorption
of CH3OH during plasma-catalytic CO, hydrogenation since desorp-
tion of CH3OH usually needs to overcome an energy barrier.?* The
lower temperature of circulating water (15°C and 30°C), however,
may inhibit the desorption of CH30H, and the higher temperature of
circulating water (80°C and 100°C) may promote the RWGS

12-15 \which could be another reason why moderate tempera-

reaction,
ture (60°C) is favorable for plasma-catalytic CO, hydrogenation to
produce CH;OH.

Different loadings of the Fe,O3/y-Al,O3 catalysts were also
investigated under the optimized reaction conditions. As shown in
Figure 2A, the CO, conversion and CH3;OH selectivity show a volca-
nic curve with increasing Fe loading, and the best performance was
achieved at 5 wt.% loading, indicating that a modest loading is benefi-
cial to plasma-catalytic CO, hydrogenation to CH3;OH.

In Figure 2B, we compare the CO, conversion and product selec-
tivity for Fe,Os3/y-Al,O5 catalyst alone, plasma alone, plasma + y-
Al,O3 support, and plasma + Fe,O3/y-Al,O3 catalyst. Obviously, the
CO, conversion is zero without plasma, which means that the Fe,O3/

y-Al,O3 catalyst cannot trigger the hydrogenation of CO, to CH;OH
under these conditions without the help of plasma. In the case of
plasma + Fe;03/y-Al,O3, the CO, conversion and CH3OH selectivity
reach ca. 12% and 58%, respectively, which are much better than the
results of plasma alone (Xco, =4.3%,ScH,on = 17%) and plasma + y-
Al,O3 (Xco, =8%,Schyon = 24%). These results illustrate a significant
synergistic effect between CO,/H, plasma and Fe,Os/y-Al,O3 cata-
lyst for CH3OH production, because the CO, conversion and CH;OH
selectivity are much higher than the sum of both individual processes.
In addition, the selectivity of CH4 remains at a low level under plasma
conditions (<2%), which is consistent with our earlier studies.>? Fur-
thermore, as shown in Figure S7, the packing of quartz sand (negligi-
ble adsorption and hardly active sites) has been carried out for
comparative experiments. It can be seen that quartz sand packing pro-
motes CO, conversion and CO selectivity. This may be attributed to
the increased field strength caused by quartz sand packing, which
enhanced the discharge intensity, and thus lead to higher CO, conver-
sion and CO selectivity (higher energy density favors RWGS reaction).
This comparative experiment further demonstrates the catalytic role
of Fe,O3/y-Al,O3 in promoting CO, hydrogenation to CHzOH
through the adsorption of species on the active sites.

In addition, the energy consumption is dramatically reduced, as
shown in Figure 2C. The energy consumption of plasma-catalytic
CH3OH production with Fe,O3/y-Al,O3 catalyst is 19.8 kJ/mmol,
which is much lower than plasma alone (181.7 kJ/mmol) and plasma
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(A) Effect of various Fe loadings on CO, conversion and product selectivity; (B) Product selectivity and CO, conversion under

different reaction conditions. (discharge power 18 W, discharge frequency 9 kHz, CO,/H, = 1/3, residence time 3.1 s, 60°C circulating water,
1 atm pressure). (C) Energy consumption and CH3OH concentration under different reaction conditions. (D) Stability test of Fe,O3/y-Al,O5
catalyst in continuous operation for 60 h. (E) On-line MS analysis of product composition during reaction in the case of “plasma + y-Al,O3” (left)

and “plasma + Fe,O3/y-Al,O3” (right).
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+ y-Al,O3 (70.5 kJ/mmol), indicating the key role of the Fe-based cat-
alyst in improving the reaction performance.

We compare our results (for plasma catalysis) with some repre-
sentative results from literature for conventional thermal catalysis, as
shown in Table S2. Generally speaking, plasma catalysis experiments
exhibit a similar degree of CO, conversion as conventional thermal
catalysis, but the selectivity toward CH3OH in our plasma catalysis
experiments is a little lower than in conventional thermal catalysis,
which is attributed to the high reactivity of the CO,/H, plasma, lead-
ing also to production of CO through the RWGS reaction. However,
conventional thermal catalysis generally needs to be operated at
higher temperature (180-300°C) and higher pressure (0.5-36 MPa),
while plasma catalysis can be operated at ambient temperature (typi-
cally below 100°C) and atmospheric pressure, which is the main
advantage compared to conventional thermal catalysis. Furthermore,
the energy consumption is also presented in Table S2, but since the
data of conventional thermal catalysis are expressed in different units,
we could not compare the energy consumption between plasma catal-
ysis and thermal catalysis. Finally, the electrocatalytic CO, reduction
reaction (CO,RR) is also an attractive strategy because of recyclable
electrolytes, modular systems, and high Faradaic efficiency. Both elec-
trocatalysis and plasma catalysis rely on the use of renewable electri-
cal energy and can be operated under mild conditions. The Faradaic
efficiency of electrocatalysis (being a measure for the product selec-
tivity) is a bit better than that of plasma catalysis. However, some
challenges remain to be solved in electrocatalysis, such as the low sol-
ubility of CO, in aqueous solutions, the separation of product and
electrolyte, and the instability of the electrode material.>? 4!

Finally, during 60 h of continuous reaction, the CO, conversion
and CH3;OH selectivity not only did not decrease, but gradually
increased (Xco, from 10.7% to 13%, Scu,on from 55.6% to 57.6%),
indicating that the Fe,O3/y-Al,O3 catalyst has a relatively good cata-
lytic stability, and the modification of Fe,Os/y-Al,Os catalyst by
CO,/H, plasma could be the reason for promoting CO, conversion
and CH3;OH selectivity (Figure 2D).

The product composition was verified by on-line mass spectrome-
try (MS) from plasma-on to plasma-off in both the case of “plasma
+ v-AlLb,O3” and “plasma + Fe,O3/y-Al,O3”, as shown in Figure 2E.
Clearly, compared to “plasma + y-Al;O3,” the main fragmentation
peak of *CH30 (m/z = 31) show a significant increase in the case of
“plasma + Fe,03/y-Al,Os3.” This indicates that Fe,O3 plays a vital role
in the production of CH3OH, by providing the active sites for plasma-
catalytic CO, hydrogenation to CH3;0OH.

3.2 | Characterization of Fe,O3/y-Al,O5 catalysts

Figure 3A shows the XRD patterns of the Fe,O3/y-Al,O3 samples
with various loading. No diffraction peaks of a-Fe,O3 were observed
when the loadings were below 5 wt.% (i.e., 1 and 3 wt.%), and the
main diffraction peaks came from y-Al,O3, indicating that Fe,O3; was
highly dispersed on y-Al,Os. However, diffraction peaks attributed to
a-Fe,O3 were observed (33.2°, 35.6°, 49.5°, 54.0°, 62.5°, and 64°)
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when the loadings reached 5 wt.%. In addition, with the increase of
Fe loading, the intensities of the main diffraction peaks increased,
which means that the increasing Fe loading (5, 10, 20, and 25 wt.%)
may lead to the aggregation of a-Fe,O3 particles.*? Furthermore, the
average particle size of Fe,O3 on y-Al,O3 has been calculated using
Scherrer formula, and then the dispersion of Fe,O3 has been esti-
mated, as shown in Table S3. It should be noted that because there
were no Fe-related diffraction peaks in the XRD patterns for the
Fe,O3/y-Al,O3 samples with 1 wt.% and 3 wt.% loadings, the particle
size and dispersion of these two samples are not available. Clearly, for
other samples (5, 10, 20, and 25 wt.%), the average particle size grad-
ually increased with the increasing of loadings.

Figure 3B shows the H,-TPR profiles of the Fe,Os/y-Al,O3 sam-
ples with various loadings. At low loading (i.e., 1, 3, and 5 wt.%), the
broad peaks are concentrated at 210°C-340°C, which is due to the
reduction of small Fe,O3 particles, as well as the consumption of
adsorbed oxygen on the Fe,O3/y-Al,Os5 surface, as reported in litera-
ture.*® With increasing Fe loading (i.e., 10-25 wt.%), the reduction
peaks of the TPR are concentrated around 340°C-470°C, which cor-
responds to the reduction of bigger Fe,O3 particles to Fe304.444°
The high-temperature reduction peaks between 470°C-780°C are
attributed to the reduction of Fe;0,4 to FeO and of FeO to Fe.

The crystal structure and morphology of the Fe,O3/y-Al,O3 cata-
lyst (5 wt.% loading) was further characterized by HRTEM. As shown
in Figure 3C,D, Fe,03 is uniformly dispersed on the support, and clear
lattice fringes with a space of 0.252 and 0.270 nm, attributed to the
(110) and (104) crystal plane of a-Fe,03, respectively, are observed.*
Furthermore, the STEM image (Figure 3E) also shows highly dispersed
Fe,O3 particles, which can be demonstrated by line scanning results
(Figure 3F), since Fe signals have been synchronously observed
with the positions of three particles on the scanning line. The EDX
mapping results (Figure S8) also show high dispersion of Fe in the
Fe,O3/y-Al,O3 catalyst.

The specific surface area (Sget), volume of pores (V,), and average
pore diameter of the Fe,O3/y-Al,O3 samples with various loadings
and Fe-based catalysts with different supports are shown in Table S4.
After associating reaction performance with the specific surface area
and pore structure, we did not find any relationships between cata-
lytic performance and Sger or V. This is in line with our previous
work.*”*8 It may be attributed to the fact that the reactive plasma
species directly regulate the catalyst surface reactions mainly via the
Eley-Rideal (E-R) mechanism, and reactive plasma species are not
often present inside catalyst pores. Indeed, plasma formation can only
occur inside catalyst pores when the pore diameter is larger than the
Debye length (which is around 600 nm at typical plasma catalysis con-
ditions**°). For smaller pores, plasma species could in principle still
diffuse into the pore, but due to their high reactivity, they easily react
with the pore surface, before reaching deeper inside the pore.

Figure 4A,B show the XPS spectra of Fe 2p and O 1s of Fe,O3/y-
Al,O3 catalysts with various Fe loading. In the range of 705-730 eV
(Figure 4A), five peaks corresponding to the binding energy of 709.5,
710.5,712.2,718.7, and 724.5 eV were detected. They are attributed

to 2pg,, of Fe' species, 2p3), of Fe''' octahedral species, 2ps,» of Fe
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FIGURE 3 Characterization results of the fresh 5 wt.% Fe;O3/y-Al O3 catalysts. (A) x-ray powder diffraction (XRD) patterns; (B) hydrogen
temperature programmed reduction (H,-TPR) profiles; (C,D) high-resolution transmission electron microscopy (HRTEM) results; (E) scanning
transmission electron microscopy (STEM) results; (f) Energy spectrum of the STEM.

" species (2p3,2), and a satel-

tetrahedral species, a satellite peak of Fe
lite peak of 2p4,, of Fe' species, respectively.’>? We can see that at
low loadings (1 and 3 wt.%), only Fe'"' species were observed. At higher
loadings (5, 10, 20, and 25 wt.%), however, besides Fe"" species, some Fe'
species were detected on the surface of the Fe,O3/y-Al,O3 catalyst. As
shown in Figure 4B, the O 1s spectra of the Fe,O3/y-Al,O3 catalysts can
be fitted into two peaks corresponding to lattice oxygen (O,) and chemi-
sorbed oxygen (Og) of the metal oxides, with binding energy of 530.8 and
532.1 eV, respectively.*6>3

As shown in Figure 4C, with increasing Fe loading from 1 to
5 wt.%, the proportion of Oy species on the catalyst surface rises, and
reaches the highest value (24.8%) at 5 wt.% loading, and then it
decreases. Combined with the XRD and H,-TPR results, we can con-
clude that the chemisorbed oxygen, that is, Oy species, mainly come
from the interface between the highly dispersed Fe,O, particles and
the y-Al,O3 support. At low loadings (1 and 3 wt.%), the Fe content is
very low, leading to a low interface surface area, which causes a small
proportion of Oy species. At high loadings (10, 20, and 25 wt.%), the
Fe content is enough, but the size of the Fe,O, particles is too big
(Table S3), resulting in a low dispersion of Fe and again a low interface
surface area, which causes a small proportion of Oy species as well.

Therefore, the highest proportion of Oy species was detected at

moderate loading (5 wt.%). Lattice oxygen, that is, O, species, are
undoubtedly from the crystals, that is, the y-Al,O3 support and the
Fe O, particles. Upon increasing Fe loading, the proportion of O, spe-
cies, however, first decreases and then increases, and the lowest pro-
portion was found at 5 wt.% loading, which means that there are
more defects on the surface of the 5 wt.% Fe,O3/y-Al,O3 catalyst
than on the other catalysts. It is clear that the defects are created at
the interface between the highly dispersed Fe,O, particles and the y-
Al,O3 support. Briefly, the O, species are undoubtedly from the crys-
tal, that is, the y-Al,O3 support and big/free Fe,O3 particles with
weak oxide-support interaction (WOSI). The Op species, however,
mainly come from strong oxide-support interaction (SOSI) between
Fe,Oj particles and y-Al,O3 support.*”>*

Figure 4D presents the reaction performance (CO, conversion,
CH30H, and CO selectivity) as a function of Oy content at the catalyst
surface. Interestingly, with increasing Oy content, both CO, conver-
sion and CH3;OH selectivity rise linearly, while the CO selectivity
decreases linearly. Furthermore, the Oy content of CuO/y-Al,O3 also
applies to these linear rules (Figure S9). These results clearly suggest
that, for CO, hydrogenation to CH3;OH in our study, chemisorbed
oxygen, that is, Oy species, may be a key intermediate, and the defects

resulting in Oy species at the interface between Fe,O, and y-Al,O3
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FIGURE 5 Mossbauer spectra of (A) fresh and (B) spent 5 wt.% Fe,O3/y-Al,O3 catalysts.

may be the real active sites. The reason why 5 wt.% Fe,O3/y-Al,O3

catalyst has the best catalytic performance is that it possesses the

most abundant Op species. Therefore, a plausible mechanism of

chemisorbed oxygen species or defects on the catalyst surface to cat-

alyz

tion

e CO, hydrogenation has been proposed in the section of Reac-

Mechanism.
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The spent catalysts have been characterized by XRD, >’Fe Méss-
bauer spectroscopy, H,-TPR, XPS, and HRTEM. The XRD patterns of
the spent catalysts (Figure S10) were almost identical to those of the
fresh catalysts (Figure 3A), which means that the bulk phase of
Fe,03/y-Al,O5 catalyst did not change significantly during CO,/H,
plasma reaction. The fresh and spent 5 wt.% Fe,O3/y-Al,O3 catalysts
were characterized by the >’Fe Mdssbauer spectroscopy (Figure 5
and Table S5). The results show that all Fe species in the catalyst are
present as Fe,Os3, and no Fe carbide phases were found after the
reaction.”® The six-element peak is the typical structure of Fe,Os,
while the symmetrical double peaks are super-paramagnetic Fe,Os in
different environments, indicating two kinds of distortion degrees in
their environment surrounding.>®

Figure S11a shows the H,-TPR profiles of the spent Fe,Os/y-Al,O3
catalyst with varied loadings. Figure S11b shows the H,-TPR profiles of
fresh and spent Fe,O3/y-Al,O3 catalyst with 5 wt.% loading. Clearly, the
intensity of Hy consumption peak of the spent sample is a little lower
than that of the fresh sample (Figure S11b), which demonstrates that the
Fe,O3/y-Al,O5 catalyst has been partially reduced by CO,/H, plasma.
The XPS spectra of the fresh and spent Fe;Os/y-Al,O3 catalyst (5 wt.%
loading) are shown in Figure S12. It can be seen that, compared with the
fresh sample, the spent sample shows a slightly higher peak of Fe' spe-
cies in the spectra of Fe 2p (Figure S12a), which means that the surface
Fe'' species has been partially reduced to Fe" species by CO,/H, plasma.
Accordingly, the intensity of O 1s spectra of the spent sample is a slightly
lower than that of the fresh sample (Figure S12b), also indicating a partial
reduction of Fe;Os/y-Al,O3 catalyst. However, peak fitting results
(Figure S12c¢) indicate that the content of O increased from 23.5% (fresh
sample) to 25.7% (spent sample), which may be caused by interaction of
air with the high reactive defects (Fe,O3/y-Al,O5 interface) created by
CO,/H, plasma through modification during the reaction process. There-
fore, the gradually increased CO, conversion and CH3OH selectivity dur-
ing the 60 h continuous operation (Figure 2D) could be attributed to the
modification of Fe,O3/y-Al,O3 catalyst by CO,/H, plasma, which par-
tially reduced Fe" to Fe" species, creating more defects at Fe,Os/y-
Al,O3 interface to generate more Oy species and promote CO, activa-
tion and subsequent hydrogenation reaction. Although Fe carbide phases
can be formed on Fe oxide surfaces during conventional thermal catalytic
CO, hydrogenation reaction, we did not observe any Fe carbide phases
over the spent Fe,O3/y-Al,O3 catalyst by XRD (Figure S10), Mossbauer
spectroscopy (Figure 5), XPS (Figure S12) or HRTEM (Figure S13), which
may be caused by different reaction temperature and pressure between
thermal catalysis and plasma catalysis.>”>®

We also compared the catalytic performances of both metallic
and metal oxide state of iron on y-Al,O3 (Figure S14a). The CO, con-
version and CO selectivity gradually decreased within 45 min and
then remained stable. However, CH3;OH selectivity gradually
increased and then remained stable. These experimental results dem-
onstrate that the fresh metallic Fe/y-Al,O3 catalyst does not favor
generation of CH3OH, but promote production of CO through RWGS
reaction. The corresponding spent catalyst has been characterized by
H,-TPR (Figure S14b), and an obvious H, consumption peak has been

observed. That is, the fresh metallic Fe/y-Al,O3 catalyst cannot
remain the Fe® valence state during the CO,/H, plasma reaction, and
it has been partially oxidized, which may be caused by oxidation func-
tion of O atoms from CO, dissociation during plasma-catalytic CO,
hydrogenation reaction. On the other hand, characterization results of
the spent Fe,O3/y-Al,O3 catalyst (Figures S11 and S12) indicate a
partially reduction process, which may be caused by H species from
H, dissociation since it played a role of reducing agent. Therefore, the
CO,/H, plasma reaction catalyzed by Fe,O3/y-Al,O3 catalyst con-
tains a dynamic reduction-oxidation process, yielding a dynamic

reduction-oxidation of the Fe species.

3.3 | Adsorption properties of different supports
Figure S5 shows that y-Al,Os is the optimized support of iron-based
catalysts for plasma-catalytic CO, hydrogenation to produce CH3;OH.
To understand the support effects, we investigated the adsorption
properties of different supports through diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTs), as shown in Figure 6A,B.
The peaks appearing at 2347 and 667 cm™! in the spectra are attrib-
uted to the asymmetric stretching vibration mode and deformation
vibration mode of adsorbed CO,, respectively.>” The broad peak near
1657 cm™ ! is assigned to carbonate (CO327).%° Specifically, comparing
the DRIFTs of the samples after CO, adsorption and subsequent CO,
desorption, we can conclude that TiO,, SiO, and In,O3 have relatively
weak adsorption capacity for CO,, since the peaks of CO, nearly dis-
appear after 10 minutes desorption. For the other supports, that is,
Ce0,, ZrO,, Al(OH)3 and y-Al,Os, the peaks of CO, still exist after
10 minutes desorption, indicating that these support materials have
relatively stronger adsorption capacity for CO,. Furthermore, the
CO,, adsorption capacity of the Fe-based catalysts with different
supports has been investigated by temperature program desorption
(TPD) technique, and the CO,-TPD profiles are shown in Figure 6C.
Clearly, Fe,03/CeO,, Fe,03/ZrO,, Fe,0O3/Al(OH); and Fe,O3/y-Al,O3
catalysts show relative higher peaks of CO, desorption, which
further indicates that these catalysts have relatively stronger
adsorption capacity for CO,. Correspondingly, they show a strong
plasma-catalytic CO, hydrogenation, but the Fe,O3/y-Al,O3 cata-
lyst has the highest CO, conversion and CH3;OH selectivity
(Figure S5b,d).

Since CO is the most abundant by-product in this plasma catalytic
CO, hydrogenation, we also studied the adsorption capacity of Fe-
based catalysts for CO by TPD, and the CO-TPD profiles are shown in
Figure 6D. It can be seen that Fe,05/y-Al,03 and Fe,O3/Al(OH); cat-
alysts exhibit much higher CO desorption peaks than other catalysts,
and the dominant desorption temperature is above 400 °C. These
results demonstrate that Fe,O3/y-Al,O; and Fe,O3/Al(OH); can
strongly adsorb CO molecule with relative high adsorbing capacity,
leading to hydrogenation of CO into CH,O species, and further hydro-
genation reaction to produce CH3;OH through RWGS pathway, which
may be the main reason why Fe,O3/y-Al,O3; and Fe,O3/Al(OH)3
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FIGURE 6 CO,-diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) spectra of different supports: (A) Adsorption: 30 min;
(B) Desorption: 10 min; (C,D) the adsorption capacity of Fe-based catalysts: (C) CO, and CO temperature programmed desorption (CO,-TPD) and

(D) CO-TPD.

exhibit relative high CH3OH selectivity but low CO selectivity
(Figure S5b,d).

3.4 | Plasma diagnostics

In-situ OES diagnostics were carried out to analyze the species in the
H,/CO, plasma (Figure 7). DBD plasma is capable of activating H,
and CO,, to produce a variety of chemically reactive species, including
radicals, excited atoms and molecules, and ions. As shown in
Figure 7A, we observed several spectral lines and bands, including the
H, line (656.3 nm, 3d?D — 2p?P°), the CO Angstrom band (451-
608 nm, Blz — AIH) and two O atom lines (777.5nm,
3s°5% — 3p°P; and 844.7 nm, 3s°5° — 3p°P), from the H,/CO,
plasma.?* However, the signal intensities are different in plasma only

vs plasma with y-Al,O3 support and with Fe,O3/y-Al,O3 catalyst.
Indeed, compared with the pure H,/CO, plasma, the signal intensity
becomes weaker after packing with the y-Al,O3 support, attributed to
shielding by the packing.®® In the case of packing with Fe,Os/y-
Al,O3, the signal intensity is further reduced. It can be seen from
Figure S15 that the Fe,O3/y-Al,O3 catalyst shows obvious absorption
peaks for both UV-light (200-400 nm) and visible light (400-800 nm).
Hence, the reduction of OES intensity is not only attributed to optical
interference from the packed catalysts, but the active sites also play
an important role in the absorption of the plasma-active species. Spe-
cifically, Figure 7B shows the spectral signal of CO in the three differ-
ent cases. The Hy/CO, plasma packed by Fe,Oz/y-Al,O3 clearly
shows the lowest signal intensity, caused by strong adsorption of CO
at the catalyst (indicated as CO*). The adsorbed CO* may lead to
CH30H production through hydrogenation reactions with adsorbed
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FIGURE 7 In-situ optical emission (a) [ b
spectra of H,/CO, DBD plasma: (a) Full I Plasma only (b) Y —— Plasma only
wavelength OES; (b) Partial wavelength Plasma + y-Al,04 Plasma + y-Al,04
OES. (1 s exposure time). Plasma + Fe,04/y-Al,0, N —— Plasma + Fe,04/y-Al,O,
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In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) spectra of surface species on the (A) y-Al,O5 support

and (B) Fe,O3/y-Al,O3 catalyst. (discharge voltage 24 kV, discharge frequency 9.5 kHz, discharge power 14.4 W, CO,/H, = 1/3, flow

rate = 40 mL/min).

H(s) and plasma-phase H(g) species, as predicted by DFT calcula-
tions.?**® This is in line with our observations that the highest CO
selectivity and the lowest CH;OH selectivity were obtained in the
case of only H,/CO, plasma, while the lowest CO selectivity and the
highest CH3OH selectivity were reached in the case of plasma with
Fe,03/y-Al,O3 packing. The reactive CO and H species can promote
the CH3OH production via E-R reactions over the catalyst surface,

and the possible E-R reactions are shown in Table Sé.

3.5 | Reaction mechanism

To elucidate the reaction mechanism of plasma-catalytic CO, hydro-
genation to CH30H over Fe,O3/y-Al,O3 catalyst, the active interme-
diates on y-Alb,Oz support and Fe,Os/y-Al,Oz catalyst were
examined using an in situ DRIFTS setup (Figure S16). As shown in

Figure 8, the peaks related to CO, molecule can be easily seen at

2347 cm~L. The peak intensity of surface carbonates at 1595 cm™?!

and 1657 cm™? gradually increases after plasma on, implying the pres-
ence of carbonate species is not only due to physical adsorption of
CO,, but also attributed to plasma excitation, that is, vibrational exci-
tation of CO, adsorbed on the catalyst surface.®? The bicarbonate
species (b-HCO3*) at 1234 cm~* were also observed (green rectangu-
lar shading), and it was converted into the formate species (HCOO¥)
on the surface of the Fe,Os3/y-Al,O5 catalyst (ca. 1595, 2868, and
2962 cm™2, yellow rectangular shading) as the reaction proceeded.®®
The presence of the CH;O* species at 2912 cm™* represents the for-
mation of CH3OH (V.CHg),** indicating that the formate species on
the catalyst surface may be a key intermediate for methanol synthesis.
The peak at 1308 cm™? is attributed to the formyl species (CH,O),
and the formation of CH,O species under plasma conditions may be
attributed to a large number of CO and H species, which can be con-
firmed by OES results (Figure 7).52%° By comparing the peak intensity
related to HCOO*, CH3;0* and HCO3;* species, Fe,O3/y-Al,O3
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SCHEME 1 Possible reaction mechanism of CO, hydrogenation
to CH3;OH over Fe,O3/y-Al,O5 catalyst driven by plasma.
Highlighting the role of (Og) species in promoting CO, hydrogenation
through formate pathway and subsequent CO, hydrogenation
through RWGS pathway after CH3;OH desorption. (Yellow frame
represents L-H mechanisms, and red frame represents L-H and E-R
mechanisms)
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represents the L-H mechanism

= = = = represents the L-H and E-R mechanism

catalyst obviously shows a much higher intensity than y-Al,O3 sup-
port, which further demonstrate the catalytic role of Fe species on y-
Al,Oj3 in promoting CO,/H, plasma reaction to produced CH3OH.%° It
should be noted that the linearly adsorbed CO,q was not detected in
Figure 8. However, at a relative higher input power (Figure S17), the
peaks at 2170 and 2115 cm™? reveal linear adsorption of CO on the
catalyst surface, which further proves that higher discharge power
favors RWGS reaction to produce CO.

Based on above-mentioned discussion, a possible reaction mech-
anism of CO, hydrogenation to CH3OH over Fe,O3/y-Al,O3 catalyst
has been proposed, as shown in Scheme 1. Firstly, the chemisorbed
oxygen species tends to adsorb CO, molecule (Figure 6A,B), forming
adsorbed CO5* species (at 1443 and 1657 cm™* in DRITFS spectra),
which in the presence of H,, can be hydrogenated into HCOO* spe-
cies (at 1595, 2868, and 2962 cm ™! in DRITFS spectra).®>¢” This spe-
cies is the key intermediate for CO, hydrogenation to CH3;OH
through the formate pathway. Then, after desorption of CH;OH mol-
ecule, produced by the formate pathway, a vacancy of the adsorbed
oxygen is generated at the interface of Fe,O3/y-Al,O3, which corre-
sponds to the partially reduction of Fe'"' to Fe' species (Figures S11b
and S12a). While, the vacancy of adsorbed oxygen is capable of inter-
acting with the O atom of CO, molecule, which can activate CO, mol-
ecule and dissociate C=0 bond in the presence of H, (at 2115 and
2170 cm~t in DRITFS spectra). After that, the produced CO can be
strongly adsorbed over Fe,Os/y-Al,O3 catalyst (Figure 6D), and sub-
sequent hydrogenation through RWGS reaction pathways leads to
CH3OH formation. In one word, the chemisorbed oxygen species can
be considered as an intermediate in this plasma catalytic CO, hydro-

genation to CH3;0H over the Fe,O3/y-Al,O5 catalyst.

AI?BII:'JRNALM
4 | CONCLUSION

In summary, we investigated several catalysts for CO, hydrogenation
into CH3OH by plasma catalysis, and showed the best performance
for Fe,O3/y-Al,O5 catalyst, demonstrating a clear synergy of the
CO,/H, plasma with the Fe,O3/y-Al,O5 catalyst, at a temperature of
nearly 80°C and atmospheric pressure. At optimized reaction condi-
tions (residence time, CO,/H, mole ratio, discharge power, and circu-
lating water temperature) and optimized Fe-based catalysts (support
and Fe loading), we achieved 12% CO, conversion with 58% CH3;OH
selectivity, and an energy consumption of 19.8 kJ/mmol, which is
almost 9 times lower than in case of plasma alone (181.7 kJ/mmol).
XPS characterization of the catalysts shows that both CO, conversion
and CH3OH selectivity rise linearly with the fraction of chemisorbed
oxygen species at the Fe,O3/y-Al,O3 catalyst, which strongly sug-
gests that the chemisorbed oxygen species are the key intermediate,
and the defects resulting in Op species at the Fe,O3/y-Al,O3 interface
are the real active sites, for CO, hydrogenation to CH3;0OH in our
study. Furthermore, our CO,-DRIFTs, CO,-TPD, and CO-TPD results
show that catalysts with stronger adsorption capacity of CO, exhibit
a higher CO, conversion and CH3;OH selectivity. In situ DRIFTS
results reveal that Fe species on y-Al,O3 provides more active sites to
form surface reaction intermediates, that is, HCOO*, CHz;O* and
HCO3* species, which enhance CH3;OH synthesis from CO,/H,
plasma reaction. As mentioned above, of all the metals we investi-
gated, Fe performed clearly the best. Therefore, our paper is very use-
ful to expand the number of catalytic systems and to design highly
efficient catalysts, for plasma-catalytic CO, hydrogenation into
CH3OH at ambient condition.
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