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ABSTRACT: CO2 is a promising renewable, cheap, and abundant
C1 feedstock for producing valuable chemicals, such as CO and
methanol. In conventional reactors, because of thermodynamic
constraints, converting CO2 to methanol requires high temperature
and pressure, typically 250 °C and 20 bar. Nonthermal plasma is a
better option, as it can convert CO2 at near-ambient temperature
and pressure. Adding a catalyst to such plasma setups can enhance
conversion and selectivity. However, we know little about the
e�ects of catalysts in such systems. Here, we study CO2 hydrogenation in a dielectric barrier discharge plasma-catalysis setup under
ambient conditions using MgO, �-Al2O3, and a series of CoxOy/MgO catalysts. While all three catalyst types enhanced CO2
conversion, CoxOy/MgO gave the best results, converting up to 35% of CO2 and reaching the highest methanol yield (10%).
Control experiments showed that the basic MgO support is more active than the acidic �-Al2O3, and that MgO-supported cobalt
oxide catalysts improve the selectivity toward methanol. The methanol yield can be tuned by changing the metal loading. Overall,
our study shows the utility of plasma catalysis for CO2 conversion under mild conditions, with the potential to reduce the energy
footprint of CO2-recycling processes.
KEYWORDS: green chemistry, plasma catalysis, methanol synthesis, cobalt oxide, CO2 conversion

� INTRODUCTION
The increasing amount of CO2 in the atmosphere is a global
problem.1�3 Yet CO2 is also an important chemical resource
that should not be thrown away. Ideally, we should use it as a
raw material to make valuable products. This can be done via
carbon capture, either from the atmosphere or from industrial
�ue-gases, followed by a chemical reaction.4�6 Typically, this
would involve a catalytic process.

Hydrogenation is a versatile option for CO2 valorization,
provided that renewable hydrogen is used.7�11 One can alter
the reaction parameters (CO2/H2 ratio, temperature, and
pressure) and the catalyst composition to control the product
distribution.12 CO2 can be hydrogenated to carbon monoxide
(CO), methane (CH4), methanol (CH3OH), ethanol
(C2H5OH), and lower ole�ns (C2

=�C4
=). Of these, methanol

is especially interesting, as it is a precursor for formaldehyde,
dimethyl ether, gasoline, and ole�ns.13,14 Methanol is also an
e�cient energy carrier.15�17 CO2 hydrogenation to methanol
(eq 1) is exothermic and, therefore, favored at low temper-
atures. This reaction is also favored at high pressures because
fewer molecules are produced. However, the high thermody-
namic stability of CO2 (�G0 = �394.4 kJ mol�1) requires high
temperatures for high conversion. The reverse-water gas shift
reaction (RWGS, eq 2) is favored at < 200 °C because of its

endothermic character. The side product, CO, is itself a useful
building block for making a variety of chemicals.12,18

Therefore, CO2 hydrogenation to methanol is typically
performed at 250 °C and 20 bar.14,19

+ � + � = �°
�HCO 3H CH OH H O 49.5 kJ mol2 2 3 2 25 C

1

(1)

+ � + � =°
�HCO H CO H O 41.2 kJ mol2 2 2 25 C

1 (2)

Yet there is an alternative to thermal catalysis: plasma-
enhanced catalysis can be used for converting CO2 to useful
chemicals at near-ambient temperatures and pressures.20�29 In
nonthermal plasmas, high-energy electrons (with an average
electron temperature of 1�10 eV) collide with stable
molecules and activate them, while the bulk gas temperature
remains low.30,31 Catalysts can be introduced into these
systems to increase the conversion and control the

Received: July 30, 2020
Revised: October 8, 2020
Published: November 17, 2020

Research Articlepubs.acs.org/journal/ascecg

© 2020 American Chemical Society
17397

https://dx.doi.org/10.1021/acssuschemeng.0c05565
ACS Sustainable Chem. Eng. 2020, 8, 17397�17407

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 A

M
S

T
E

R
D

A
M

 o
n 

F
eb

ru
ar

y 
10

, 2
02

1 
at

 1
1:

07
:4

4 
(U

T
C

).
S

ee
 h

ttp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 fo

r 
op

tio
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Ronda-Lloret"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yaolin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paula+Oulego"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gadi+Rothenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Tu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Raveendran+Shiju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="N.+Raveendran+Shiju"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.0c05565&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05565?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05565?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05565?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05565?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.0c05565?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascecg/8/47?ref=pdf
https://pubs.acs.org/toc/ascecg/8/47?ref=pdf
https://pubs.acs.org/toc/ascecg/8/47?ref=pdf
https://pubs.acs.org/toc/ascecg/8/47?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05565?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


selectivity.19,32 The most common option in plasma catalysis is
the dielectric barrier discharge (DBD), among the di�erent
types of plasma discharges. This is because DBD reactors
usually run at low temperatures and atmospheric pressure,
reducing operating costs and complexity, and allow facile
combination with catalysts.30,33,34

Despite the growing research activity in plasma-enhanced
catalysis, we still do not fully understand the relationship
between the catalyst properties and overall reaction perform-
ance.35�38 This is because of the variety of the reactions and
plasma con�gurations, which lead to di�erent plasma species
and di�erent plasma�catalyst interactions.39�42 Here, we study
the e�ect of basic catalysts (MgO and CoxOy/MgO catalysts)
on conversion and product selectivity during CO2 hydro-
genation. We ran the reaction in a water-cooled DBD plasma-
catalysis setup, at 35 °C and ambient pressure. Furthermore,
we tested �-Al2O3 to check if the enhanced adsorption of acidic
CO2 on basic supports is also valid under plasma conditions.43

We observed that basic materials enhance CO2 conversion, and
that the production of methanol is related to the metal loading
and the dispersion of metal�support interface sites in CoxOy/
MgO catalysts.

� EXPERIMENTAL SECTION
Materials and Instrumentation. Powder X-ray di�raction

(XRD) analyses were carried out on a MiniFlex II di�ractometer
using Cu K� radiation (X-ray tube set at 30 kV and 15 mA). The
XRD patterns were recorded between 2� = 20�80° at a speed of 2.5°·
min�1. A Thermo Scienti�c Surfer instrument was used to carry out
N2 adsorption�desorption analyses at 77 K. The samples were
pretreated under vacuum at 200 °C for 6 h. Surface areas were
determined with the Brunauer�Emmett�Teller (BET) method, and
the mesoporosity was analyzed using the Barrett, Joyner, and Halenda
(BJH) method. Hydrogen temperature-programmed reduction (H2-
TPR) pro�les were obtained using a TPDRO Series 1100 from
Thermo Scienti�c, following the procedure previously reported by
Ronda-Lloret et al.6 High-resolution transmission electron micros-
copy (HRTEM) micrographs and transmission electron microscopy
coupled with energy-dispersive X-ray spectroscopy (STEM�EDS)
images were obtained on a JEOL-JEM 2100F microscope running at
200 kV. X-ray photoelectron spectroscopy (XPS) analyses were
performed with a SPECS PHOIBOS 100 MCD5 hemispherical
electron analyzer operating in a constant pass energy. The analysis
details were described previously in Matthaiou et al.44

Procedure for Catalyst Synthesis. Using Co(NO3)2·6H2O
(99%, Acros Organics) as the metal oxide precursor and MgO
(Sigma-Aldrich) as the support, we prepared samples containing
di�erent percentages of cobalt (5, 10, 15, and 20 wt % on Co metal-
basis) by wet impregnation.6 After impregnation, the materials were
dried at 120 °C for 2 h and then calcined in a mu�e furnace at 450
°C for 4 h. Bulk Co3O4 was prepared by mixing Na2CO3,
polyethylene glycol, and Co(NO3)2·6H2O in water, as reported
earlier.45 After stirring for 3 h at room temperature, the precipitate
was centrifuged and washed several times with water and ethanol.
After drying at 65 °C for 6 h in a vacuum oven, the sample was
calcined in air at 300 °C for 3 h.

Plasma Setup and Plasma-Catalytic Tests. The plasma-
catalytic tests were performed in a coaxial DBD reactor with a 50
mm discharge length and a 1 mm discharge gap (Scheme 1).
Circulating water was used as the ground electrode and cooling
system (Grant LT Ecocool 150) to keep the reaction temperature at
35 °C. An AC high-voltage power supply (with a peak-to-peak voltage
of up to 30 kV) was used to ignite the plasma with a �xed frequency
of 9.2 kHz. CO2 and H2 (H2/CO2 = 3:1) were used as reactants with
a total �ow rate of 28 mL·min�1. The catalysts (500 mg) were fully
packed in the discharge area, the plasma reaction was run for 1.5 h
and the products were then analyzed.

The applied voltage and current of the DBD were measured using a
high-voltage probe (TESTEC, HVP-15HF), and a current monitor
(Bergoz, CT-E0.5), respectively. A four-channel digital oscilloscope
(Tektronix, MDO 3024) was used to collect all the electrical signals,
and the plotted Q-U Lissajous �gures could monitor the discharge
powers in real time using a homemade system. A �ber optical
thermometer (Omega, FOB102) was used to monitor the temper-
ature of the discharge area. The reaction products were analyzed using
an Agilent 7820A gas chromatograph, equipped with a �ame
ionization detector and a thermal conductivity detector. H2 and CO
were separated using a molecular sieve 5 Å (60�80 mesh) column
(HP MOLESIEVE), and CO2, CH4, and C2�C4 hydrocarbons were
separated with a HP-PLOT/Q column. The measurement error was
less than 4%, determined by triplicate measurements.

Parameter De�nition. The conversions of CO2 (XCO2
) and H2

(XH2
) are de�ned as

= ×X (%)
moles of CO converted

moles of initial CO
100CO

2

2
2 (3)

= ×X (%)
moles of H converted

moles of initial H
100H

2

2
2 (4)

The selectivity of gaseous products (CO, CH4, and CmHn) is
calculated according to eqs 5�7

= ×S (%)
moles of CO produced
moles of CO converted

100CO
2 (5)

= ×S (%)
moles of CH produced
moles of CO converted

100CH
4

2
4 (6)

= ×S (%)
moles of C H produced
moles of CO converted

100m n
C H

2
m n (7)

The selectivity of the liquid products is calculated as

= � + +S S S S(%) 100 ( )liquid products CO CH C Hm n4 (8)

The selectivity of CxHyOz is de�ned as

= ×S (%) mol % of carbon atoms in C H O eq 8O x y zC Hx y z (9)

The energy e�ciency is de�ned as

Scheme 1. Diagram of the Plasma-Catalysis DBD Reactor,
Showing the Analysis, Feed, and Cooling Units; Adapted
from ACS Catal.26,46
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•

=
•

�

�

energy efficiency (mmol kWh )

converted product (mmol h )
discharge power (W)

1

1

(10)

� RESULTS AND DISCUSSION
Catalyst Synthesis. We tested MgO and �-Al2O3 as

packing materials in the DBD plasma. MgO was also used as
support for the cobalt oxide catalysts with di�erent cobalt
metal loadings. We also prepared bulk Co3O4 by mixing
polyethylene glycol and cobalt nitrate hexahydrate in water
(see the detailed procedures in the Experimental Section).

Catalyst Characterization. The XRD patterns of the fresh
CoxOy/MgO samples show the characteristic di�raction peaks
of MgO at 2� = 36.9, 42.9, 62.2, 74.6, and 78.6° (Figure
S1a).47 The characteristic peaks of Co3O4 and CoO are not
visible, as they overlap with those of MgO.48,49 HRTEM and
STEM�EDS images of 15% CoxOy/MgO show that cobalt
oxide particles are highly dispersed over the support (Figures 1
and 2). The average size of cobalt oxide nanoparticles was 27.7

± 11.5 nm. Moreover, HRTEM shows lattice fringes with
interplanar distances of 0.24 and 0.28�0.29 nm (Figure 1b,c),
assigned to the (311) and (220) planes of cobalt oxide
nanoparticles, respectively.50 The selected-area electron
di�raction (SAED) pattern shows di�raction rings character-
istic of a polycrystalline material, corresponding to the MgO
[(220), (200), and (311)] and cobalt oxide nanoparticles
(311) planes.50,51

We then used XPS to study the surface composition of the
catalysts. The Co 2p spectra of the CoxOy/MgO catalysts show
the doublet of two spin�orbit components, Co 2p3/2 and Co
2p1/2 (Figure 3).52,53 The relative atomic percentage of Co3O4
species is higher than that of CoO species for all fresh catalysts,
indicating that the surface of the catalysts mainly contains
Co3O4 (Table S1). This reveals that Co3O4�CoO/MgO
interface sites are available on the catalyst surface as active
centers for CO2 hydrogenation. The O 1s, C 1s, and Mg 2s
spectra of the 15% CoxOy/MgO catalyst, as well as details of
the binding energies are included in the Supporting
Information (Figure S2 and Tables S2�S5).

The H2-TPR pro�les of the as-prepared materials (Figure
S3, bottom pro�les) show two regions. The low-temperature
region (150�450 °C) is assigned to the reduction of “free”
Co3O4 (supported cobalt oxide, i.e., interacting weakly with
the support, thus not forming a stable compound). This
reduction peak contains two or more contributions, corre-
sponding to the Co3O4 step wise reduction sequence where
Co3O4 is reduced to CoO, and CoO is reduced to metallic
cobalt at higher temperatures. The reduction of Co3O4 species
with di�erent interaction with the support can also lead to
di�erent contributions in the reduction peak.54 They are less
de�ned in the 20% CoxOy/MgO sample, most likely because
the �rst contribution shifts to a higher temperature. This
re�ects the presence of larger cobalt oxide particles, which are
harder to reduce than smaller ones.55

In the high temperature region (500�1000 °C), the 5%
CoxOy/MgO reduction pro�le clearly shows a small peak at
500�600 °C, ascribed to the reduction of MgCo2O4 species.54

Above 700 °C, all the samples show the reduction of stable
(Co,Mg)O solid solution species.56 These peaks overlap at
higher metal loadings. In some cases, the (Co,Mg)O solid
solution is only partially reduced.

The fresh catalysts showed nitrogen adsorption�desorption
isotherms (Figure S4) similar to type IV, with a hysteresis
feature characteristic of mesoporous materials.57 The BET
surface area and pore volume values increase with the metal
loading up to 15% (Table 1). 20% CoxOy/MgO catalyst does
not follow this trend, indicating the presence of larger cobalt
oxide particles that block the pores and decrease the surface

Figure 1. Representative TEM images of 15% CoxOy/MgO. (a) TEM micrograph and its corresponding SAED pattern (inset), showing a set of
di�raction rings characteristic of the MgO and Co3O4 planes. (b,c) Magni�ed HRTEM images of 15% CoxOy/MgO. The yellow and blue lines
mark the lattice fringes of the planes of cobalt oxide nanoparticles.

Figure 2. STEM�EDS analysis of the fresh 15% CoxOy/MgO
catalyst. Representative STEM image (top left) and the corresponding
EDS elemental mappings of cobalt (top right), magnesium (bottom
left), and oxygen (bottom right), showing the dispersion of the cobalt
particles on the support.
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