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1. Introduction

Coupling non-thermal plasma with Ni catalysts
supported on BETA zeolite for catalytic CO,
methanationt

Huanhao Chen, ©*@ Yibing Mu,}? Yan Shao,$?° Sarayute Chansai,* Shaojun Xu,}?
Cristina E. Stere,® Huan Xiang,® Rongxin Zhang,? Yilai Jiao,“
Christopher Hardacre ®*2 and Xiaolei Fan ®*2

Catalytic carbon dioxide (CO,) methanation is a promising and effective process for CO, utilisation and the
production of CH,4 as an alternative to using natural gas. Non-thermal plasma (NTP) activation has been
proven to be highly effective in overcoming the thermodynamic limitation of reactions under mild condi-
tions and intensifying the CO, hydrogenation process greatly. Herein, we present an example of NTP-
assisted catalytic CO, methanation over Ni catalysts (15 wt%) supported on BETA zeolite employing
lanthana (La) as the promoter. It was found that a NTP-assisted system presents remarkable catalytic per-
formance in catalytic CO, methanation without an external heat source. Significantly, the use of Na-form
BETA zeolite and the addition of La (ie. 15Ni-20La/Na-BETA catalyst) resulted in an improvement in CO,
conversions, surpassing the 15Ni/H-BETA catalyst, i.e. a seven-fold increase in the turnover frequency, TOF
(145 st vs. 0.21 574, and selectivity towards CH, (up to ca. 97%). In addition, the developed catalyst also
exhibited excellent stability under NTP conditions, i.e. a stable performance over a 15 h longevity test (with
a TOF of 1.44 + 0.01 s™Y. Comparative in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) characterisation of the developed catalysts revealed that the introduction of La,O3 to the Ni cata-
lyst provides more surface hydroxyl groups, and hence enhances CO, methanation. Additionally, by
analysing the surface species over 15Ni-20La/Na-BETA comparatively under thermal and NTP conditions
(by in situ DRIFTS analysis), it is proposed that both the Langmuir-Hinshelwood and Eley-Rideal mecha-
nisms co-exist in the NTP system due to the presence of dissociated H species in the gas phase. Con-
versely, for the thermal system, the reaction has to go through reactions between the surface-dissociated
H and carbonate-like adsorbed CO, via the Langmuir-Hinshelwood mechanism. The current mechanistic
understanding of the NTP-activated system paves the way for the exploration of the reaction mechanisms/
pathways of NTP-assisted catalytic CO, methanation.

damage to the planet and society, foreseen by the Interna-
tional Energy Agency (IEA)." To mitigate the increasingly se-

Carbon dioxide (CO,) emissions from various sources (e.g.
biogas and fossil fuels) are considered as the main cause of
climate change." The amount of emitted CO, reached 37.1
gigatonnes (Gt) in 2018 which will inevitably result in severe
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vere global warming effects of greenhouse gases, CO, capture
and utilisation (CCU) has been proposed and has received
considerable attention recently."”> The utilisation of CO,, as
an alternative to geological storage, not only contributes to
the reduction of CO, emissions for alleviating global climate
changes, but also opens up new sustainable routes for mak-
ing various value-added feedstock chemicals (e.g. CO, CH;0H,
and HCOOH) and fuels (e.g. CH, and C,H,).>” In recent years,
the hydrogenation of CO, as a prospective technology can
produce synthetic natural gas (SNG, i.e. methane), and thus
helps to meet the growing energy demand and tackle the en-
vironmental issues.” CO, methanation (eqn (1)) employs con-
centrated CO, from industrial sources and H, from water
electrolysis powered by renewable energy such as wind and
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solar power to produce SNG which can be easily fed into

existing infrastructure of natural gas transportation
networks.’
CO, + 4H, — CH, + 2H,0AH = -165 KJ mol * (1)

Catalytic CO, methanation (i.e. Sabatier reaction, eqn (1))
is highly exothermic which is thermodynamically favourable
at low temperatures of 200-550 °C.*” Therefore, under ther-
mal activation, thermal runaway is prone to cause thermody-
namic limitations and catalyst sintering.” Therefore, alterna-
tive activation methods are proposed, such as electro- and
photoreduction,®® and investigated to improve the perfor-
mance of catalytic CO, methanation at low temperatures.
Non-thermal plasmas (NTPs) have been demonstrated to
have great potential in activating and promoting heteroge-
neous catalysis under mild conditions which are thermody-
namically beneficial to various reactions such as the water-
gas shift reaction.'®'" In comparison to conventional thermal
activation, a NTP has a unique feature of achieving low-
temperature activation of catalytic processes due to the gener-
ation of energetic species such as ions, free radicals,
electrons, etc. which can excite molecular species and break
chemical bonds under ambient conditions."’

To break the C=0 bonds of CO, is challenging and re-
quires a significant amount of energy, e.g. a high temperature
of >1000 °C is necessary under thermal conditions to dissoci-
ate CO,.""* Conversely, NTPs such as dielectric barrier dis-
charge (DBD) plasmas can enable CO, methanation at low
temperatures of <200 °C and improve the catalytic activity
and CH, selectivity."*™"® For example, Da Costa et al.'**'*"’
developed a hybrid plasma-catalyst system employing ceria-
zirconia supported Ni catalysts for CO, methanation which
showed a significant enhancement in activity with high meth-
ane selectivity. Specifically, in the presence of plasma at a
low temperature of 90 °C, the CO, conversion and CH, selec-
tivity can reach up to ca. 80% and 100%, respectively. Con-
versely, in the absence of plasma, the reaction was thermody-
namically limited and activated at 425 °C with a CO,
conversion of ca. 80%. In addition, Ni catalysts supported on
zeolites (e.g. H-USY) have been recently applied in NTP-
assisted CO, methanation due to the strong metal-support
interactions, high specific surface areas, and outstanding
thermal and chemical stability of zeolites.""'*>° However, the
protonated zeolites exhibit drawbacks such as poor CO, ad-
sorption affinities, and thus, inhibit the catalytic activity for
CO, methanation." Therein, Brensted acid sites in zeolites
should be neutralised by cations (e.g. Na") via ion exchange
to improve their interaction with CO,.** Moreover, the affin-
ity of CO, and the CO, adsorption capacity of zeolites can be
further improved via surface modification using rare earth
metals, such as La and Ce.! However, these strategies for im-
proving CO, methanation using NTPs has not yet been
attempted.

Herein, we present a catalytic study on NTP-assisted CO,
methanation using Ni catalysts supported on BETA zeolites.
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Specifically, (i) the performance for NTP-assisted catalytic
CO, methanation (regarding CO, conversion and selectivities
to CH, and CO) of a series of Ni catalysts supported on H-
and Na-BETA zeolites was studied systematically; (ii) the pro-
moting effect of lanthana on the improvement of the CO,
conversion and CH, selectivity was examined; (iii) diffuse re-
flectance infrared Fourier transform spectroscopy (DRIFTS)
was performed in situ to enable the mechanistic study of the
catalyst surfaces of different catalysts during thermally- and
NTP-activated catalytic CO, methanation.

2. Experimental

Catalyst preparation

The catalyst support H-BETA (Si/Al = 25) was purchased from
Zeolyst International. Sodium chloride (NaCl, 99.5%), nickel ni-
trate hexahydrate (Ni(NO;),-6H,0, >99.0%) and lanthanum(u)
nitrate hexahydrate (La(NO3);:6H,0, 99.0%) were obtained
from Sigma Aldrich and used as received. Na-BETA was pre-
pared by ion exchange (description of a typical procedure: 5 g
H-BETA or Na-BETA zeolite in 50 mL of a 0.5 M NacCl solution
at room temperature (RT) for 24 h under stirring; the pH
value of the solution was maintained at 7 by adding an
ammonia solution during the preparation; the ion exchange
procedure was repeated twice). After ion exchange, the sam-
ple was filtered, washed several times with deionised water
and dried at 110 °C overnight in a convection oven, then cal-
cined in air for 4 h at 550 °C (heating rate = 1 °C min™"). The
supported Ni catalysts on BETA zeolites (with a nominal load-
ing content of Ni of 15 wt%) were prepared via the incipient
wetness impregnation method by mixing the zeolite supports
in a Ni(NO;), aqueous solution under stirring for 12 h. After
the impregnation, water was fully evaporated at 90 °C, and
the sample was dried in a convection oven at 110 °C for 12 h.
The resulting catalysts are denoted as 15Ni/H-BETA and
15Ni/Na-BETA. Finally, the dried catalysts were calcined in air
at 550 °C for 6 h with a heating rate of 5 °C min .
La-modified Ni catalysts supported on Na-BETA zeolite were
prepared by successive impregnation of the support with
Ni(NO3), and La(NOj3); aqueous solutions. The nominal load-
ing contents of La were 5, 10 and 20 wt%, respectively. The
resulting catalysts are denoted as 15Ni-5La/Na-BETA, 15Ni-
10La/Na-BETA and 15Ni-20La/Na-BETA, respectively. The
actual metal loadings measured by inductively coupled
plasma optical emission spectroscopy (ICP-OES) can be found
in the ESI} (ESL, Table S1).

Characterisation of the catalysts

Nitrogen (N,) physisorption analysis of the samples was
carried out at -196 °C using a Micromeritics 3Flex surface
characterisation analyser. Prior to the N, physisorption mea-
surements, the samples (~50 mg) were degassed at 350 °C
under a vacuum overnight. The Brunauer-Emmett-Teller
(BET) method was used to determine the specific surface
areas of materials, while micropore and mesopore volumes
were obtained by the ¢-plot and Barrett-Joyner-Halenda

This journal is © The Royal Society of Chemistry 2019
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(BJH) methods (using the adsorption branch of the iso-
therms), respectively. The crystallinity of the powder cata-
lysts was determined by X-ray diffraction (XRD) on a Philips
X'Pert X-ray diffractometer with CuKa, radiation (4 = 1.5406
A) and a Ni filter, operating at 40 kv and 30 mA and
diffractograms were recorded from 5 to 70° Scanning
electron microscopy (SEM) images of the catalysts were
obtained using an FEI Quanta 200 ESEM at a high voltage
mode of 20 kV, and energy dispersive X-ray (EDX) spectro-
scopy for elemental mapping was also carried out using an
Oxford Ultim® Max system. All the samples were coated
with gold (Au) before the SEM analysis. Transmission
electron microscopy (TEM) images were collected with an
FEI Tecnai G2 F20 electron microscope operated at 200 kV.
The sample was prepared by dispersion of the powder cata-
lysts in ethanol with the assistance of sonication, and a
drop of the suspension was spread onto a TEM carbon grid.
Hydrogen temperature programmed reduction (H,-TPR) and
CO, and CO temperature programmed desorption (CO,- and
CO-TPD) experiments were carried out using a Quanta
Chrome ChemBET Pulsar TPR/TPD instrument. Specifically,
~25 mg of the samples were pre-treated at 250 °C for 30
min under a helium (He) flow to remove any adsorbed or
chemisorbed H,O and CO,, and then cooled down to RT.
H,-TPR was carried out under a gas mixture flow of 5% H,
in Ar at temperatures of 30-900 °C with a heating rate of 10
°C min~". The H, consumption was continuously monitored
using a thermal conductivity detector (TCD). Before the
CO,- and CO-TPD measurements, the samples were reduced
at 250 °C in a 5% H,/He flow for 1 h and cooled down to
RT. Subsequently, CO, or CO (pure CO, or 1% CO/He) was
introduced to saturate the catalyst surface. The CO, or CO
saturated samples were purged using He for 60 min. CO, or
CO desorption was carried out from 30 to 900 °C with a
heating rate of 10 °C min™'. X-ray photoelectron spectra
(XPS) of the -catalysts were obtained with a Thermo
ESCALAB 250XI instrument using AlKa (hv = 1486.6 eV, at
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15 kV and 10 mA). The C (1s) line at 284.6 eV was used as
the binding energy reference.

NTP-assisted catalytic CO, methanation

Fig. 1 shows the experimental rig scheme used for NTP-
assisted CO, methanation. The DBD plasma reactor consisted
of a cylindrical quartz tube (6 mm O.D. x 4 mm LD.), a
ground electrode (a stainless-steel rod with a 1 mm O.D.,
placed along the axis of the quartz tube) and a high voltage
electrode (an aluminium foil sheet wrapped around the outer
surface of the tube). The discharge length and gap of the
DBD reactor were 10 mm and 1.5 mm, respectively. For each
experiment, 130 mg catalyst pellets (particle size of ca. 250
pm) were packed into the discharge space (between the
ground electrode and the reactor body). All experiments were
carried out at atmospheric pressure. Prior to the catalytic
testing, the as-synthesised catalysts were reduced in situ un-
der NTP with H, as the discharge gas (voltage = 7.0 kV, fre-
quency = 20.3 kHz, flow rate = 50 mL (STP) min ‘). Thereaf-
ter, a H,/CO, binary mixture (molar composition: H,/CO, = 4)
was introduced into the reactor at a weight hourly space ve-
locity (WHSV) of 23 077 mL (STP) ge,c * h™* via two mass flow
controllers (Bronkhorst®, F-201CV-500-RAD-11-V). The DBD
plasma reactor was connected to an alternating current (AC)
high voltage power supply (Info Unlimited, U.S., PVM500-
2500) with a peak voltage of up to 40 kv and a variable fre-
quency of 20-70 kHz. In this work, for all the catalytic tests,
the applied frequency was fixed at 20.3 kHz, while the ap-
plied peak voltage was varied from 5.5 to 7.5 kV. The applied
peak voltage was measured using a digital oscilloscope
(TBS1102B) with a high voltage probe (P6015A). Gas composi-
tions (e.g. CO,, CH,;, H, and CO) in the exit of the reactor
were analyzed on-line using a gas chromatograph (GC,
PerkinElmer, Clarus® 590) equipped with a COL-ELITE CAR-
BON molecular sieve packed column (N9303926), a
methaniser, a TCD and a flame ionisation detector (FID).

Oscilloscope

0000
o
e

High Voltage

low Power S
2':;:;:’:: DBD Plasma niad
Reactor é .l.
Valve m AC 230V Data Processor
- — T 3
0000000000 =
1 » h
! Heat-traced
=i
| pipeline | -'
B Yeecmeeeeae N Argon

Hz COZ Ar

1
I
CO, + n,' H,0 +( H,: Gas Chromatography
10, +H, i
1
1 -
\ = !

.....................

(Carrier gas) Bubble Flow meter

Water Trap

Fig. 1 Schematic diagram of the experimental rig for NTP-assisted catalytic CO, methanation.
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Under steady-state conditions, the samples were withdrawn
using an automated six-way valve with a sample loop (1 pl)
for GC analysis. At least three consecutive measurements
were performed for each condition, giving a margin of error
of about +5%. Liquid products generated by the CO, metha-
nation reaction were continuously condensed and removed
from the outlet stream using a water trap placed in an ice
bath. In order to calculate the CO, conversion (eqn (2)) and
selectivities to CH, (eqn (3)) and CO (eqn (4)), the flow rate
of dry gas in the exit of the reactor was also measured using
a bubble-flow meter. To benchmark the performance in NTP-
activated catalysis, control experiments using a NTP-activated
catalyst-free system (i.e. gas phase reaction only) and ther-
mally activated systems were also performed.
The CO, conversion (Xco,) is calculated as follows:

Fm Fuut

X co, o,

COZ Flﬂ

o,

x100 (2)

where FC“E,Z and F; represent the molar flow rate of CO, in the

feed and exit of the DBD plasma reactor (mol s™), respectively.
The selectivities to CH, (Scy,) and CO (Sco) are calculated
as follows:

out

CH,
CH, T in . ot X 100 (3)
F co, — cotZ
out
SCO in oul x100 (4)
F co, F cotz

where F3 and F¢o represent the molar flow rate of CH, and CO

in the outlet of the DBD plasma reactor (mol s™*), respectively.
The specific reaction rate is calculated as follows:

X, 'En
Tco, = —= (5)

W
where rqo, is the conversion rate of CO, (mol s g '), Xco,
is the conversion of CO,, F;, is the molar flow rate of CO, in
the inlet of the DBD reactor (mol s™*), and W,,, is the mass of
the catalyst (g).

The turnover frequencies (TOFs) of CO, conversion, de-
fined as moles of CO, converted per surface nickel metal
atom per second (s7'), are calculated, using the results
obtained from the catalytic performance measurements and
metal dispersions which are determined by using H, pulse
chemisorption (as shown in Table S2 in the ESIt), as follows:

Voey "M .
TOF,, =% (6)

Ni

where My; (58.69 g mol™) is the atomic weight of Ni, Xy; is
the metal content (gyi/gcar) Of the catalyst and D is the Ni dis-
persion (as shown in Tables S1 and S2,} respectively).
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In situ DRIFTS characterisation of NTP-assisted catalytic CO,
methanation

In situ DRIFTS analysis was employed to probe the surface
species adsorbed on the catalysts during the thermally and
NTP activated CO, methanation aiming to understand the
NTP promoted surface reactions. The hybrid NTP-DRIFTS
setup was specifically described elsewhere.'® The catalysts
were loaded into an infrared (IR) sample holder cup without
packing or dilution, and pre-treated in a 10% H,/Ar flow un-
der plasma (applied peak voltage: 6.0 kV, frequency: 26 kHz)
for 30 min. A gas mixture (4 vol% CO,/16 vol% H, diluted in
argon, Ar) at 75 mL min~" was then introduced into the flow
cell. For the transient experiments, a constant applied peak
voltage of 6.0 kv (at a frequency of 26 kHz) was applied to
the power electrode in order to avoid arcing. DRIFTS spectra
were recorded at every ~56 s with a resolution of 4 cm™ and
analysed with the OPUS software.

3. Results and discussion

NTP-assisted catalytic CO, methanation and characterisation
of catalysts

All the materials in this study were comprehensively
characterised using various techniques, and the relevant in-
formation is presented in the ESL{ Fig. 2 and S11 show the
relevant results of the comparative tests using catalyst-free,
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Fig. 2 Performance of the NTP-assisted catalyst-free CO, methana-
tion system and the NTP-activated catalytic CO, methanation systems
over the 15Ni/H-BETA, 15Ni/Na-BETA, and Ni-La/Na-BETA catalysts
with different La amounts of 5, 10, and 20 wt%: (a) CO, conversion, (b)
CHy, selectivity, (c) CO selectivity, and (d) TOF of CO, conversion at an
applied voltage of 6.0 kV.
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H-BETA, Na-BETA, 15Ni/H-BETA and 15Ni/Na-BETA systems
for CO, methanation activated by a NTP. The NTP systems
without a catalyst (Fig. 2) and with an inert packing (i.e.
H-BETA and Na-BETA, Fig. S17) showed relatively low CO,
conversions at ca. 10% and no selectivity to CH,. CO was
measured as the main product from the three reference ex-
periments due to CO, dissociation in the gas phase by
plasma activation.”® Comparatively, NTP-assisted catalytic
CO, methanation over the 15Ni/H-BETA and 15Ni/Na-BETA
catalysts showed significant improvements concerning both
CO, conversion and CH, selectivity, as shown in Fig. 2 (e.g.
leading to a four-fold increase in CO, conversion at 6.5 kV).
Generally, the catalytic performance of the 15Ni/H-BETA and
15Ni/Na-BETA catalysts depends on the applied peak voltage
potential. However, the 15Ni/Na-BETA catalyst outperformed
15Ni/H-BETA under the conditions studied, especially at rela-
tively low voltages of <7 kV. For example, at an applied peak
voltage of 6.0 kV, CH, selectivity was ca. 75% for 15Ni/Na-
BETA versus ca. 15% for 15Ni/H-BETA. These findings sup-
port the fact that using the alkali metal exchanged zeolite
supports to enhance the CO,-catalyst interactions during the
catalytic reaction®® leads to an improved CO, conversion and
CH, selectivity. Specifically, the CO, adsorption isotherms of
H-BETA and Na-BETA zeolites were measured at pressures up
to 1 bar, and the results are presented in Fig. 3a. The results
clearly confirm that the CO, adsorption capacity of the Na-
BETA zeolite (ca. 2.2 mmol g™") is higher than that of the
H-BETA zeolite (ca. 1.9 mmol g™*) due to the introduction of
Na' in the framework. In addition, the basicity of different
samples was further examined via TPD method using CO, as
probe gas. Fig. 3b reports the CO,-TPD profiles of different
samples. In general, three different basic sites can be distin-
guished according to the desorption temperatures, including
the weak at T' <150 °C, medium at T = 150-550 °C and strong
one at T >550 °C."**"*” Both H-BETA and Na-BETA zeolites
present main peaks located in the medium basicity region,
whereas Na-BETA shows a small peak centred at ca. 100 °C,
which could be attributed to the introduction of Na® in the
zeolite framework. After Ni impregnation, 15Ni/Na-BETA pre-
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sents a similar CO,-TPD profile in comparison with Na-BETA.
However, after the addition of lanthana, the 15Ni-20La/Na-
BETA catalyst presents one additional TPD peak located at
ca. 650 °C. The strong basicity of 15Ni-20La/Na-BETA could
be beneficial to CO, chemisorption, and hence increases its
activity for catalytic CO, methanation.”® EDX mapping of
the different catalysts (as shown in Fig. 4) also indicates
that Ni and La are uniformly distributed in the Na-BETA ze-
olites. Specifically, the amount of La element (green) in-
creases notably as the La nominal content in the catalysts
increases from 0 to 20 wt%. Additionally, in terms of the
catalytic CO, methanation performance over the developed
catalysts (e.g. 15Ni/H-BETA and 15Ni/Na-BETA) under NTP
conditions (as shown in Fig. 2), at a low applied voltage of
<6.0 kv, the sum of CH, and CO selectivity is lower than
100%. From the carbon balance based on only the gaseous
products (i.e. CO, CH,, and CO,), it was shown that there
was a ca. 15% carbon loss during the reaction. This could
be mainly attributed to the formation of liquid products as
exemplified in the ESLf}

As also shown in Fig. 2, the addition of La to the 15Ni/Na-
BETA catalyst shows a positive effect on the selective conver-
sion of CO, into CH,4. Over the range of applied voltages, the
Ni-La/Na-BETA catalysts demonstrated generally better CO,
conversions than the 15Ni/Na-BETA catalyst (Fig. 2a). The
presence of La in the 15Ni/Na-BETA catalyst induced a signif-
icant effect on the selectivities towards CH, and CO under
NTP activation, particularly at low voltages, as shown in
Fig. 2b and c. At the applied peak voltage of 6.0 kv, the in-
crease of La content from 5 to 20 wt% in Ni-La/Na-BETA
suppressed the CO selectivity considerably to <0.5%, while
improving the CH, selectivity up to 97%. Concerning the CH,
selectivity, both the Ni-La/Na-BETA and 15Ni/Na-BETA cata-
lysts show optimum values in relation to the applied volt-
age, as shown in Fig. 2b. However, the presence of La in
the catalyst shifts the optimum value to the low voltage of
6.0 kV (at 6.5 kv for 15Ni/Na-BETA). The opposite trend was
also measured for the CO selectivity with the catalysts un-
der study, indicating the promoting effect of La via a
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Fig. 4 EDX mapping of the different catalysts: (a) 15Ni/Na-BETA, (b)
15Ni-5La/Na-BETA, (c) 15Ni-10La/Na-BETA, and (d) 15Ni-20La/Na-
BETA catalysts.

possibly different reaction pathway in the 15Ni/Na-BETA sys-
tem. It should be noted that it is challenging to decouple
the effects of the plasma in terms of the active site and the
gas phase processes, for example, as these all contribute to
the overall measured catalytic performance.'® However, in
this specific system, the relatively significant CO, conver-
sion and CH, selectivity were measured in the NTP acti-
vated catalyst systems, indicating the noteworthy effect due
to the presence of the developed catalysts. An increase in
the amount of La in the Ni-La/Na-BETA catalysts generally
improves the selectivity of the systems. Additionally, as
shown in Fig. 2d, the specific reaction rates (ie. turnover
frequency, TOF) for CO, conversion over the Ni-La/Na-BETA
catalysts, are especially significantly higher than that over
the 15Ni/H-BETA catalysts, showing a ca. a seven-fold in-
crease. Additionally, it was found that the La/Na-BETA cata-
lyst (with 20 wt% La loading) is inactive for catalytic CO,
methanation under NTP conditions, showing a very low
CO, conversion of ca. 10% (shown in Fig. S1t). The latter is

View Article Online
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attributed to the uncatalysed gas phase-only reaction in-
duced by the NTP. Therefore, in the following research, the
15Ni-20La/Na-BETA catalyst was selected for further study.
In order to highlight the critical role of NTP activation in
catalytic CO, methanation, control experiments by thermal
activation (temperature range: 100-450 °C) were performed
using 15Ni-20La/Na-BETA. The comparison of catalytic per-
formances between NTP- and thermally activated catalytic
CO, methanation is presented in Fig. 5. Fig. 5a shows the
theoretical thermodynamic equilibrium conversions of CO,
methanation, which were calculated using Aspen Plus 8.0 (de-
tailed description of the calculations can be found in the
ESIt), and the light-off curves of catalytic CO, methanation
by thermal activation. Under thermal conditions, the onset
temperature for CO, methanation was >250 °C and the ther-
modynamic equilibrium can be reached at ca. 450 °C. A high
selectivity to CH, (i.e. >95%) can be achieved by the 15Ni-
20La/Na-BETA catalyst under thermal activation at tempera-
tures higher than 250 °C, whereas the CO selectivity is only
up to ca. 3%. Conversely, during NTP activation, the onset
temperature for CO, methanation is measured at ca. 110 °C
(due to the Joule heating, during the catalytic tests, the NTP
reactor temperatures were measured to be at a range of 100-
150 °C by using an infrared (IR) thermometer, depending on
the voltages applied to the system). As shown in Fig. 5a, by
NTP activation of 15Ni-20La/Na-BETA, the NTP induced the
highest CO, conversion of ca. 85%, only 15% lower than the
corresponding theoretical equilibrium conversion at low tem-
peratures of <150 °C, since the catalyst was not active at
these temperatures by thermal activation. Additionally, the
NTP system was highly selective to CH, with the relevant CH,
selectivity reaching up to ca. 97%. The performance of the
15Ni-20La/Na-BETA catalyst in NTP-assisted catalytic CO,
methanation was also compared with those of state-of-the-art
plasma-activated catalysts (as shown in Table 1). The devel-
oped 15Ni-20La/Na-BETA catalyst demonstrates slightly bet-
ter catalytic performance than the state-of-the-art catalysts
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Table 1 Comparison of NTP-assisted CO, methanation over various catalysts at atmospheric pressure

Frequency Applied peak WHSV CO, conversion CH, selectivity
Catalysts (kHz) voltage (kV) (ML geo " h7™) (%) (%) Ref.
Cu/y-Al,O3 9 N/A N/A 8 7 29
Ni/CeZr 40-41 13-18 4000 80 95 14, 17
Ni/hydrotalcite 40-43 13-18 4000 80 95 17
CeNi/Cs-USY 41-43 5-6 4000 70 95 13
15Ni-20La/Na-BETA 20.3 6 23077 84 97 This work
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Fig. 6 Stability test of the 15Ni-20La/Na-BETA catalyst for catalytic
CO, methanation by NTP activation: CO, conversion and selectivities
to CH4 and CO (experimental conditions: feed gas composition of H,/
CO; = 4, WHSV = 23077 mL (STP) gear * h 7).
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vl

L
01

(i.e. Cu/y-Al,0;,>° Ni/CeZr,""'® Ni/HT,"” and CeNi/Cs-USY"®).
However, it is worth noting that the WHSV used in this work
was nearly six times higher than those in the other systems.
Under the NTP conditions (applied peak voltage = 6.5 kV,
frequency = 20.3 kHz), the developed 15Ni-20La/Na-BETA cat-
alyst also showed excellent long-term stability with TOF
values of 1.44 + 0.01 s'. Over a 15 h time-on-stream evalua-

(@)
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to2
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To.l
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Hydroxyl

15 min
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tion, the key process performance indicators of CO, conver-
sion (83.0 + 0.65%), CH, selectivity (93.0 + 1.9%) and CO se-
lectivity (1.4 + 0.1%) all remained rather stable as functions
of the time-on-stream, as shown in Fig. 6.

Mechanistic study of NTP-assisted catalytic CO, methanation

In order to gain insight into NTP-assisted catalytic CO,
methanation over the catalysts used in this work, the dynam-
ics of surface species on the 15Ni/H-BETA, 15Ni/Na-BETA and
15Ni-20La/Na-BETA catalysts were examined using in situ
DRIFTS. Fig. 7-9 present the DRIFTS spectra of the surface
species adsorbed on the 15Ni/H-BETA, 15Ni/Na-BETA and
15Ni-20La/Na-BETA catalysts under plasma-off and plasma-
on conditions, respectively. At ambient temperatures without
plasma, the three catalysts were not active for CO, conver-
sion, as shown in Fig. S8t (during each experiment, mass
spectrometry (MS) was employed to detect the gases such as
CO,, CH, and H, from the outlet of the DRIFTS cell). Under
the plasma-off conditions, the IR bands located at 3500-3800
em™ and 1500-1800 cm ™" can be attributed to OH vibrational
stretching, which may originate from the hydroxyl groups
adsorbed on the surface of the catalysts.>* > Specifically, for
the 15Ni-20La/Na-BETA catalyst (Fig. 9a), the intensity of the
IR bands between 1500 and 1800 cm ' are much stronger
than those of the 15Ni/H-BETA (Fig. 7a) and 15Ni/Na-BETA
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Fig. 7 In situ DRIFTS spectra of surface species on the 15Ni/H-BETA catalyst during NTP-assisted catalytic CO, methanation: (a) plasma-off and

(b) plasma-on (applied peak voltage = 6.0 kV, frequency = 26 kHz).
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(Fig. 8a) catalysts, indicating that the introduction of La in
the catalyst leads to more hydroxyl groups formed on the sur-
face of La,0;. Similarly, according to the previous literature
reported by Ashok,* CO, could interact with the hydroxyl
groups on a CeO, surface, which is a rare earth metal as well.
These hydroxyl groups will greatly assist in the adsorption of
CO, on the catalyst surface to inhibit gaseous CO, dissocia-
tion in the presence of plasma.>**** The IR band appearing at
2349 cm' (insets in Fig. 7-9) could be assigned to the gas
phase CO,.>** By comparing the DRIFTS spectra of 15Ni/Na-
BETA (Fig. 7a) and 15Ni-20La/Na-BETA (Fig. 8a) with that of
15Ni/H-BETA (Fig. 9a), 15Ni/H-BETA presents a much stron-
ger IR band at 2349 cm™, suggesting that less CO, was
adsorbed on its surface. This result confirms that the intro-
duction of Na* and La,Oj; can positively enhance CO, adsorp-
tion on the catalyst surface, which is in good agreement with
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Hydroxyl

Hydroxyl

~tad

S min
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the findings from CO, adsorption and CO,-TPD analyses
(Fig. 3).

When the NTP was ignited, significant changes of the sur-
face species were observed in the catalytic systems, as shown
by the relevant DRIFTS spectra in Fig. 7b, 8b and 9b. In all
cases, a gradual decrease of the IR band density at 2349 cm™
as a function of reaction time was observed, comparatively
more obvious for 15Ni-20La/Na-BETA (Fig. 9), indicating the
conversion of gaseous CO, in the presence of the catalysts
and plasma. The negative band appearing at 1627 cm™* can
be attributed to the disappearance of hydroxyl groups from
the surface of the catalysts in the presence of plasma.*® The
IR bands at 1653, 1433, and 1292 cm ™' (shaded by the purple
rectangles) can be attributed to surface carbonate spe-
cies.>***?”7 Additionally, the IR band at 1561 cm™* (shaded by
the light-yellow rectangles) can be related to the surface
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Fig. 9 In situ DRIFTS spectra of surface species on the 15Ni-20La/Na-BETA catalyst during NTP-assisted catalytic CO, methanation: (a) plasma-off

and (b) plasma-on (applied peak voltage = 6.0 kV, frequency = 26 kHz).
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Fig. 10 In situ DRIFTS spectra of surface species on the different
catalysts during NTP-assisted catalytic CO, methanation (applied peak
voltage = 6.0 kV, frequency = 26 kHz).

monodentate formates."® Specifically, as shown in Fig. 10, in
comparison with the other two catalysts, the intensity of the
IR band at 1561 em™ " observed from the 15Ni-20La/Na-BETA
catalyst is much stronger, indicating the favourable forma-
tion of monodentate formates on the surface of La,O;. These
surface species can be further hydrogenated into CH, species
leading to the formation of CH,.>*** The C-H vibration of
CH, species is characterised by the broad IR band in the
2800-3000 cm ™' region®* as shaded by the orange rectangles
in Fig. 7b, 8b and 9b. It must be noted that the intensities of
these IR bands on the spectra of the 15Ni-20La/Na-BETA cat-
alyst is more intense than those of the other two catalysts (as
shown in Fig. 10), suggesting more CH, species formed on
the surface of the catalyst due to the existence of La,0;.

In situ DRIFTS characterisation of the catalytic system with
the 15Ni-20La/Na-BETA catalyst by thermal activation was
also performed, and the DRIFTS spectra are shown in
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Fig. 11a. Clearly, at relatively low temperatures of <150 °C,
the disappearance of hydroxyl groups from the surface of the
catalyst (Z.e. the negative IR band at 1627 cm™') is not signifi-
cant, while the intensity of hydroxyl species bands (IR bands
between 3500-4000 cm ', shaded by a green rectangle) re-
mains stable, proving that the catalyst was not readily active
at temperatures of <150 °C, which were the measured bulk
temperatures of the NTP system.

Under the thermal conditions, by continuously increasing
the temperature above 150 °C, the following surface dynam-
ics data were recorded: (i) the IR bands at 3500-3800 cm™"
(representing the hydroxyl groups, shaded by the green rect-
angle) started decreasing, while the intensity of the negative
IR band at 1627 cm™" increased gradually; (ii) the intensity of
the IR band at 2349 cm™, which is attributed to the gas
phase CO, (shaded by the orange rectangle), diminished
gradually; (iii) the surface carbonate species (which is
characterised by the sole IR band at 1292 ¢cm™, shaded by
the purple rectangle) appeared progressively. By combining
the catalytic data (Fig. 5) with the in situ DRIFTS data
(Fig. 11), we can conclude that, under conventional thermal
activation, CO, methanation over the 15Ni-20La/Na-BETA
catalyst requires high temperatures of >350 °C to overcome
the activation barriers and enable the conversion of CO,
(about 80% at 400 °C). However, the system can be readily ac-
tivated by NTP at comparatively low temperatures (i.e. <150
°C), with high CO, conversion (of ca. 85%) and CH, selectiv-
ity (of ca. 97%).

The comparison of the in situ DRIFTS spectra of the sur-
face species on the 15Ni-20La/Na-BETA catalyst under ther-
mal (400 °C, CO, conversion of ca. 80%) and NTP activation
(applied peak voltage = 6.0 kV, at ca. 125 °C, CO, conversion
of ca. 85%) conditions is shown in Fig. 11(b). NTP activation
promotes the formation of various surface carbonates and
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(@) In situ DRIFTS spectra of surface species on the 15Ni-20La/Na-BETA catalyst during thermally activated catalytic CO, methanation

(feed gas mixture = 10 vol% CO,/40 vol% H, diluted in argon, total flow rate = 50 mL min™?); (b) comparative in situ DRIFTS spectra of surface
species on the 15Ni-20La/Na-BETA catalyst during thermally (400 °C) and NTP (applied peak voltage = 6.0 kV, frequency = 26 kHz) activated

catalytic CO, methanation.
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formates (i.e. the IR bands at 1653, 1561, 1433 and 1292
em™'), while thermal activation only produces a single type of
surface carbonate (at 1292 cm™), suggesting the presence of
multiple reaction mechanisms for CH, formation in the NTP
system. Under the thermal conditions, the surface reaction
between the surface dissociated H and carbonate-like
adsorbed CO, proceeds via the Langmuir-Hinshelwood
mechanism, which is consistent with the reaction mecha-
nisms reported in the literature.>**® Conversely, in the NTP
system, in addition to the pure surface reactions via the
Langmuir-Hinshelwood mechanism, the dissociated H spe-
cies in the gas phase may react with the surface-adsorbed C
species directly from the gas phase via the Eley-Rideal mech-
anism, and hence, leading to the formation of various car-
bonates and formates on the catalyst surface in the NTP sys-
tem under study.

4. Conclusions

Coupling non-thermal plasma (NTP) with heterogeneous ca-
talysis is a promising technique to promote the conversion of
CO, into valuable products. In this work, Ni catalysts
supported on Na-BETA zeolites employing lanthana as the
promoter were developed and applied in NTP-assisted cata-
lytic CO, methanation without an external heat source. Exper-
imental results revealed that neutralisation of the H-BETA ze-
olite by Na" via ion exchange enhances CO, adsorption on
the catalyst surface, and thus improves the catalytic perfor-
mance regarding both CO, conversion and CH, selectivity,
leading to a two-fold increase in CO, conversion and a four-
fold increase in TOF values at 6.0 kV. Moreover, the introduc-
tion of the lanthana promoter in the catalyst resulted in the
highest CO, conversion (ca. 85%) and CH, selectivity (ca.
97%) (TOF = 1.45 ™), while the Ni/Na-BETA catalyst gave a
lower CO, conversion (ca. 65%) and CH, selectivity (ca. 70%)
(TOF = 0.83 s™') at 6.0 kV. In addition, a 15 h time-on-stream
stability test proved that the developed catalyst is robust un-
der the NTP conditions with regards to CO, conversion and
selectivity towards CH,. Comparative in situ DRIFTS charac-
terisation of the 15Ni-20La/Na-BETA, 15Ni/H-BETA and 15Ni/
H-BETA catalysts revealed that the addition of lanthana in
the Ni catalyst enhances the formation of surface hydroxyl
groups greatly, which can interact with CO,, and hence, pro-
motes CO, conversion. Comparative in situ DRIFTS spectra of
the surface species on the 15Ni-20La/Na-BETA catalyst during
thermally and NTP-activated catalytic CO, methanation con-
firmed that CO, methanation requires high temperatures (i.e.
>350 °C) to overcome the activation barriers and enable the
efficient conversion of CO, (ca. 80% at 400 °C). Conversely,
the catalyst can be readily activated using a NTP at compara-
tively low temperatures (i.e. <150 °C) with similar CO, con-
version. More importantly, based on the in situ observation
of the difference in the surface species of the two systems, re-
actions in the NTP system presumably proceed via both Lang-
muir-Hinshelwood and Eley-Rideal mechanisms due to the
presence of gas-phase H species. For the thermal system, on
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the other hand, only surface reactions between the surface-
dissociated H and carbonate-like adsorbed CO, via the
Langmuir-Hinshelwood mechanism are allowed. Despite the
numerous studies on NTP enabled catalytic CO, methanation
systems, further research is needed to gain insight into the
specific reaction mechanisms/pathways of the systems in or-
der to fully understand the interaction of NTPs and catalysts.
The findings from this work shed light upon the direction of
future research, i.e. the role of NTP generated gas-phase spe-
cies in the catalytic surface reactions, which may be generic
in other relevant NTP-assisted catalysis processes.
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