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Abstract Three different kind of Ni-based catalysts were
prepared on a K-b%A1,0; solid electrolyte by combining
the annealing of an organometallic paste and the addition
of a catalyst powder. The different catalysts films were
tested in the CO; hydrogenation reaction under electro-
chemical promotion by K? ions, and were characterized by
XRD and SEM. The catalyst film derived from the addition
of an a-Al,O3; powder to the Ni catalyst ink presented the
highest catalytic activity as a result of the increase in Ni
catalyst film porosity. The influence of the applied poten-
tial and other operation variables were evaluated on the Ni
catalytic activity and selectivity. Hence, the CO production
rate was enhanced either by decreasing the applied poten-
tial (with the consequent supply of K? ions to the catalyst
surface) or by increasing the CO; (electron acceptor) feed
concentration. On the other hand, CH4 production rate was
favoured at positive potentials (removing K? from the
catalyst surface) or by increasing the H» (electron donor)
feed concentration. The global CO, consumption rate
increased upon negative polarization in all experiments and
the electrochemical promotion of catalysis effect showed to
be reversible and reproducible. Hence, the electrochemical
promotion phenomena demonstrated to be a very useful
technique to in situ modify and control the catalytic
activity and selectivity of a non-noble metal such as Ni for
the production of CH4 or syngas via CO, valorization.
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1 Introduction

Different strategies are being developed to mitigate the
global warming and climate change, some of them being
focused on the separation, storage and utilization of the
CO;. In this sense, hydrogenation of CO can be consid-
ered as one of the most important chemical conversion
reactions, not only for the effective decrease of the overall
CO; emissions but also for the production of many possible
renewable fuels (hydrocarbons or alcohols) [1-3]. How-
ever, CO; is a thermodynamically stable compound and
thus requires high activation energy for its transformation
into other chemicals [4, 5]. Although numerous organic
syntheses involve CO; as the feedstock, only a few have
reached industrial commercialization, for instance, the
production of urea and its derivatives, salicylic acid, and
carbonates [1, 5]. Most studies on catalytic hydrogenation
of CO; have been performed using metal catalysts (e.g. Pt,
Rh, Pd, Ru, Cu, Fe, Co and Ni) supported on different
oxides (e.g. Nb2Os, ZrO,, AlxO3, SiO,, and MgO) [6-10].
Depending on both the employed catalytic system
(metal/support) and on the reaction conditions, different
products can be obtained including CO, CHy4, formic acid,
formaldehyde, dimethyl ether, methanol or higher alcohols
[1,4-6, 11, 12]. These catalytic reactions can be summa-
rized according to the following scheme:

xCO, p 82x-zp y=2PH, ! CiH,0, b 62x-zPH,0 481P
For instance, the reverse water gas shift (RWGS, Eq. 2)

and CO; methanation (Eq. 3) reactions can be described as
follows:
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Hence, the control of the catalyst selectivity toward the
different hydrogenation products is highly required. In
this sense, alkali promotion has been described to be an
effective approach to improve the activity and/or selec-
tivity of different metal catalysts [13]. For instance, the
promoter effect of potassium in the CO, hydrogenation
reaction has been previously studied over conventional
heterogeneous catalysts [14, 15]. Both the activity and the
selectivity of a metal or metal oxide catalyst film
deposited on an ionic conductor can also be modified, in a
significant, controlled and reversible manner, by electri-
cally polarizing the catalyst-electrode via the effect of
electrochemical promotion of catalysis (EPOC) also
known as NEMCA effect (non-faradaic electrochemical
modification of catalytic activity). This phenomenon was
first observed by Stoukides and Vayenas [16] and is based
on the controlled migration of promoting ions, e.g., O,
Na?, K? or H? ions, from an electroactive support, such
as b%-A1,0; (a Na® or K? conductor), YSZ (yttrium-
stabilized-zirconia, an O?- conductor) or CZI (CaZro,
Ing.103.a, a H? conductor), to the catalytic metal/gas
interface. The EPOC phenomenon has been applied on a
wide variety of catalysts and in a large number of
important industrial and environmental catalytic reactions
[17]. In particular, electrochemical promotion has been
shown to enhance the catalyst activity and selectivity in
the hydrogenation of CO, [2, 3, 6, 11, 12, 18-24]. Hence,
the promotional effect may allow to in situ control the
catalytic behavior of the system for syn-gas or CH4 pro-
duction via CO; hydrogenation. Most EPOC studies on
CO; hydrogenation (as shown on Table 1) have been
performed with a YSZ solid electrolyte and a noble metal
catalyst, such as Pt, Pd, Ru and Rh [2, 3, 6, 11, 18, 20,
21, 24]. However, only a few studies have been carried
out by using cationic solid electrolytes [3, 12, 19, 21-23]
or non-noble metal catalysts (Ni or Cu) [2, 11, 12, 20,
22]. For practical use, is clear that the development of
low-cost and highly efficient catalyst is desired. In this
sense, we focused on developing an efficient catalyst film
of suitable performance for the CO» hydrogenation reac-
tion via electrochemical promotion by K? ions. Hence,
K-b%A1,0; was selected as the solid electrolyte, and
different catalyst film configurations were proposed based
on Ni catalyst: (i) Ni catalyst film prepared by deposition
of an organometallic paste, (ii) Ni catalyst film prepared
by deposition of an slurry made by mixing a Ni metal
paste and a-Al,Os powder and (iii) and Ni particles dis-
persed on AlOs; powder and deposited on the solid
electrolyte using a slurry with Au paste. In this latter case

the possibility of exploring the electro-promotional effect
on dispersed metal nanoparticles was also examined.
Hence, three different systems (Ni/K-b%A1,03/Au, Ni-a-
ALO3/K-b®ALOs/Au and Au-Ni(30 %)-a-ALO3/K-
b®Al,05/Au) were studied on the basis of different
characterization techniques and catalytic activity mea-
surements under electrochemical promotion conditions.
Additionally, for the selected catalytic system a kinetic
study under EPOC conditions was carried out, as well as
the possibility of controlling the Ni catalytic activity and
selectivity toward the different obtained products (syn-gas
or methane) via EPOC was investigated.

2 Experimental
2.1 Electrochemical Cell Preparation

Each electrochemical cell was based on a 19-mm-diameter,
1-mm-thick K-b%A1,0; (Ionotec) pellet solid electrolyte. In
each electrochemical cell the Au counter and reference
electrodes were firstly deposited on one side of the elec-
trolyte by annealing a gold organometallic paste (Fuel Cell
Materials ref. 231001) at 800 2C for 2 h (heating ramp of
5 ©C/min). Then, three Ni-based catalysts were prepared by
different preparation methods. In the first sample (Ni/K-
b®Al,05/Au, denoted as ““N’*), a coating of a commercial
Ni ink (Fuel Cell Material ref. 233001) was applied on the
electrolyte, followed by calcination at 800 °C for 2 h
(heating ramp of 5 2C/min). In the second sample (Ni-a-
ALO3/K-bAl,0O3/Au, denoted as ““NA’’), the catalyst film
was prepared by mixing 40 mg of the Ni ink with 20 mg of
a commercial a-Al,Os3, (Alfa Aesar) powder, and some
ethylene glycol to obtain a slurry with suitable viscosity.
Then, the slurry was deposited on the K-b®®AL,0; pellet and
was subjected to the same heat treatment as that for the
previous electrode (800 2C). In the third sample (Au—
Ni(30 %)-a-AlL03/K-b®A1,03/Au, denoted as ‘“GNA’’),
40 mg of the Au ink and ethylene glycol were mixed with
20 mg of a-Al,O; powder which was previously impreg-
nated with Ni (30 % in weight) via a conventional
impregnation method. The a-Al,O3; powder was impreg-
nated with a Ni(NO3),-6H,O (Panreac) precursor aqueous
solution in a glass vessel under vacuum at 90 2C to yield
30 % weight of Ni. After drying overnight at 120 2C, the
resulting powder was calcined at 450 °C (heating ramp of
5 2C/min) for 1 h. The slurry of 30 % Ni/aAl,O3; ?Au ink
was deposited on the solid electrolyte and annealed at
800 2C for 2 h. In this way, it was possible to evaluate the
catalytic contribution of the Ni particles dispersed on the
alumina support due to the negligible activity of the Au
particles coming from the ink. Table 2 summarizes the
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Table 1 EPOC studies of the CO2 hydrogenation reaction using different catalysts and solid electrolytes

Catalyst Solid Catalyst film T (¢C) CO2 (%) H2(%)  Fr(N mL min-!) Mainreaction EPOC behaviour References
electrolyte preparation technique products
Rh,Pt, Cu YSZ Sputtering 220-380 1 5.6 100 CO, CH4, C2Ha Inverted volcano 2]
Pd YSZ, Na-b®Al,03 Organometallic paste  533-605 72.8 22.7 38-300 CO Inverted volcano [3]
Rh YSzZ Organometallic paste 346477 5.5 63 15-50 CO, CHs Electrophobic (CHa)/electrophilic (CO) [18]
Ni, Ru YSzZ Impregnation 200440 1 5.6 100 CO, CHs Electrophilic [11]
Ru YSzZ Impregnation 200-300 3 30 200 CO, CHs Electrophobic (CHa)/electrophilic (CO) [6]
Pt K-bALO3 Dip-coating 400 19-47.5 47.5-76  1500-8700 CO, CHg, Electrophobic (CHa)/electrophilic (CO).  [19]
CH30H, C;HsOH, The others vary with reaction conditions
C2? Cs
Cu K-bAlL20O3 Electroless deposition 200400 19-31 63.33-76  1500-8700 CH30H, It varies with reaction conditions [12]
C,HsOH, C,HeO,
Pt, Ni, P[d YSZ Organometallic 225450 19475 47.5-76 1500 CO,CH4, CH30H, It varies with reaction conditions [20]
paste/electroless CHs, CsHe, C2HO
Ru YSzZ Impregnation 200-340 0.025-2 1-15 100 CO, CHs Electrophobic (CHa)/electrophilic (CO) [21]
K-b®AL0;3
Cu SZY Pd organometallic 550-750 0.6-2.24 0.3-4.9  200-300 CO Electrophilic [22]
paste/Cu powder

Ru K-b®AL0;3 Impregnation 280420 3 30 100 CO, CHs Electrophobic (CHa)/electrophilic (CO)  [23]
Pt YSZ Organometallic paste  650-800 1-10 1-10 20 CO Electrophilic [24]




Table 2 Summary of the different Ni based electrochemical catalysts

Nomenclature Description Metal Powder addition to Total Ni dmetal after No/active
paste the slurry weight (mg) reaction (nm) mol of Ni

N Ni-K-b®ALL0s/Au Ni - 17.80 39.9 9.289 10-¢

NA Ni—aALO3/K-b®AL0s/Au Ni aAl0s 6.17 375 3.43910°

GNA Au-Ni(30 %)-aAl0s/K-b®AL0s/Au  Au 30.73 % Ni—aALO; 4.13 35.2 2.459 10

description and nomenclature of each electrochemical
catalyst along with the total Ni weight, particle size and
active surface area of all catalyst electrodes. The active
surface area of the catalysts, Ng, was calculated in each
case by means of the total amount of deposited mol of
metal and the particle diameter and dispersion values,
which were estimated from the (111) XRD peak via the
Scherrer equation. It can be observed that the lower the
amount of Ni used, the lower the particle size. Addition-
ally, blank experiments were carried out on a pure gold
electrode (Au-K-b%®Al,03/Au) and a gold paste electrode
mixed with a non-impregnated alumina powder (Au-a-
ALO3/K-b®AL,03/Au) to confirm its negligible activity for
the CO; hydrogenation reaction.

2.2 Electrochemical Catalyst Characterization

The different electrochemical catalysts were firstly reduced
in situ during a temperature programmed reduction (TPR)
experiment under a 3 % H, stream (N, balanced) of an
overall flow rate of 100 N mL min-!, increasing the tem-
perature at a rate of 2 2C/min from room temperature to
350 2C. During the TPR, the H, consumption was contin-
uously monitored by a thermal conductivity detector,
whereas the in-plane Ni film surface electrical resistance
between two points separated by 1 cm was measured by a
digital multimeter.

After reduction, the three Ni-based catalysts were
characterized by X-ray diffraction (XRD) analysis with a
Philips PW-1710 instrument using Ni-filtered Cu Ka radi-
ation (k = 1.5404 A). Diffractograms were compared with
the JCPDS-ICDD references. All catalysts were also
characterized after the catalytic activity experiments to
evaluate their stability under the studied reaction condi-
tions. The morphology of the different catalyst films was
also evaluated using a Quanta 250 scanning electron
microscope (SEM). This instrument is equipped with an
EDAX Apollo X detector (AMETEK), for determining the
chemical compositions of the samples via energy-disper-
sive X-Ray analysis (EDAX). The Ni metal loading in the

impregnated a-Al,O3 was determined by atomic absorption
spectrophotometry, using a SPECTRA 220FS analyser. As

shown in Table 2, the total amount of Ni in the powder
catalyst was 30.73 % in weight.

2.3 Catalytic Activity Measurements and EPOC
Parameters

The experimental setup has been described in detail in a
previous work [25]. The reaction gases (Praxair, Inc.) were
certified standards (99.999 % purity) of CO», H, and N,
the latter being used as the carrier gas, and the gas flow
rates were controlled by a set of mass flowmeters (Brooks
5850 E and 5850 S). The catalytic experiments were car-
ried out at atmospheric pressure with an overall gas flow
rate, Fr, ranging from 20 to 200 N mL min-!, at three
temperatures (T = 240, 270, and 300 2C) and a feed
composition ranging from 3 to 30 % for H» and from 1.5 to
10 % for CO, (N, balance). Reactant and product gases
were on-line analyzed by using a micro gas-chromatograph
(Varian CP-4900) equipped with two columns (Molsieve
and Poraplot Q column) and two thermal conductivity
detectors (TCD). The Molsieve column used Ar as carrier
gas and operated at T = 80 °C and 20 psi. On the other
hand, Poraplot Q column operated at T = 70 2C and 20 psi
and used He as carrier gas. The detected reaction products
were: CO, CHs and H»>O. The error in the carbon atom
balance did not exceed 5 %. In order to carry out the
electrochemical promotion (EPOC) experiments, the three
electrodes (working, counter and reference) were con-
nected to a potentiostat—galvanostat Voltalab PGZ 301
(Radiometer Analytical) using gold wires. The inertness of
both the gold counter/reference electrodes and of the a-
Al O3 powder and Au—a-Al,Os film was checked via blank
experiments performed under the studied reaction
conditions.

The CO; conversion and the CO and CHj selectivities
were calculated as follows:

0

. co, — ~ €9,
CO: conversion="% Ya ~———— X 100 84p
CO:
. Fco
CO selectivity="% Y4 —— X 100 a5p
Feo, - Fco,
CHy selectivity="% Y4 cHe X 100 a6b

0
Feo, = Feo,

where F° and F_are the molar flow rates of the i species at
1 1

the inlet and at the outlet of the reactor, respectively. On
the other hand, the magnitude of the electropromotional
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effect was quantified by two parameters commonly used in
this kind of studies:

— The rate enhancement ratio of each compound (q;),
defined by the equation:
r
gvs — a7p

7i;0

3

where 1; and 19 are the promoted (Uwr \ 2 V) and
reference (unpromoted) state (Uwr = 2 V) catalytic
production rates, respectively, of the corresponding

compound.
— The promotion index (Plks), calculated by the
equation:
Dr
T
Plgp Va a’p
bigp

where Dr = r - 1y is the potassium-induced change in
catalytic reaction rate and hg» is the potassium cov-
erage calculated from the integration of the current (I)
versus time (t) curves according to the Faraday law
(Eq. 9): t
jljdt
1

hxv Va nFNo a9p

0
where n is the potassium ion charge, i.e., ?1, F is the
Faraday constant (96484.6 C/mol), and Ng is the active
mol of the Ni catalysts, which was calculated in each
case by means of the total amount of deposited Ni and
the particle diameter and dispersion values estimated
from the (111) from XRD analysis peak via Scherrer
equation.

3 Results and Discussion

3.1 Influence of the Preparation Method
of the Catalyst Film

Figure 1 shows the variation of the surface electrical
resistance of the Ni catalyst film and the H, consumption
rate during the temperature programmed reaction experi-
ment (TPR) for sample N. During the TPR experiments, no
significant differences were appreciated between the two
electrochemical catalysts based on the Ni catalyst film (N,
and NA). For sample N, it can be observed that at the
beginning of the experiment, the as-deposited Ni catalyst
film showed a very high value of the electrical resistance
(125 LX). This seems to indicate that the catalyst prepa-
ration method (involving calcination at high temperature
under air atmosphere) led to an oxidized nickel film (as will
be shown below by XRD data). However, following the
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Fig. 1 Variation of Ni surface electrical resistance (a) and H:
consumption rate (b) during the TPR experiment for catalyst N. Inset
of (a) shows the final variation of Ni electrical resistance and
temperature with time. Heating rate of 2 2C/min under a 3 % Ha
stream (N2 balance)

TPR experiment the electrical resistance decreased and
finally stabilized at only 0.3 X after 1 h at 350 °C which
indicated complete reduction of the catalyst film to metallic
Nickel (as will be shown below by XRD data), in agree-
ment with previous works using Ni catalysts [26-28]. This
reduction process can be confirmed by the H, consumption
peak which started at around 250 °C. The initial decrease
in the electrical resistance of the Ni catalyst film with
temperature (25—-125 2C) with no parallel H, consumption
could be attributed to the semiconducting properties of NiO
[29]. On the other hand the appearance of a local maximum
value in the film resistance around 300 °C could be
explained by the partial formation of different intermediate
Ni oxides of lower electrical conductivity. However, the
catalyst surface composition in the course of the TPR
experiment is unknown.

Figure 2 shows the crystalline structure of the different
Ni-based catalysts, namely N (Fig. 2a), NA (Fig. 2b) and
GNA (Fig. 2¢), analysed by XRD both after the in situ TPR
up to 350 °C (fresh catalyst, top spectra) and after exposure
to all the studied reaction conditions (used catalyst, bottom
spectrum). For the case of sample N, the XRD analysis
before reduction (TPR) is also included on Fig. 2a. In this
latter case it can be observed that the Ni catalyst film was
mainly in its oxidized state (NiO and NiO,, JCPDS,
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Fig. 2 XRD analysis patterns of catalysts a N, b NA and ¢ GNA
before and after exposure to reaction conditions. For catalyst N (a),
the XRD analysis pattern before reduction is also included

78-0643 and JCPDS, 85-1977, respectively), which is in in
agreement with the electrical resistance measurements
during TPR, shown in Fig. 1. However, the Ni catalyst

films were completely reduced during the TPR experiments
since no patterns of nickel oxides appeared in any of the
fresh catalysts (after reduction and before activity mea-
surements). In all cases the main diffraction peaks (111),
(200) and (220) which appeared at 2h = 44.52, 51.82 and
76.42, respectively, were associated with metallic nickel
and corresponded to a face-centered cubic (FCC) crys-
talline structure (JCPDS, 87-0712). Diffraction peaks
related to the K-b®ALO; solid electrolyte (JCPDS,
02-0921) were found in all spectra, whereas samples NA
and GNA (Fig. 2b, c, respectively) also exhibited the peaks
corresponding to a-Al,Oz (JCPDS, 01-1296). In addition,
reflections appearing at 382, 442, 642 and 822 in Fig. 2c
corresponded, respectively, to the (111), (200), (220) and
(222) planes of metallic gold (JCPDS, 01-1172) in sample
GNA. Remarkably, the reduced state of the Ni catalysts
remained during the catalytic experiments due to the
presence of Hy in the feed. Additionally, the intensity of the
Ni XRD peaks (111, 200, and 220) for the used samples of
catalyst N and NA (Fig. 2a, b, respectively) slightly
increased compared to those for the fresh samples, as
observed in post-reaction XRD spectra (denoted in all the
cases as used catalyst). However, the particle size of Ni
(estimated using the Scherrer equation) before and after the
experiments was practically the same in all cases. This
indicated the stability of the catalyst under experimental
conditions, also supported by the good reproducibility
observed in its catalytic performance in the reference
(unpromoted) state (application of ?2 V), as will be shown
below.

A Ni particle size of 39.9 nm was estimated for the N
catalyst (Table 2), which decreased in the NA and GNA
samples. These values were of the same order with those
reported in other EPOC studies with Ni catalysts prepared
by different techniques [11, 20] and should imply a high
catalytic activity [1, 19]. Aside from the approximate
character of this calculation, the addition of the alumina
powder to the Ni and Au pastes slightly decreased de metal
particle size and very likely increased the Ni particles
dispersion. On the other hand, a very slight increase in the
particle size was observed after the experiments in all cases
(particle size before reaction equal to 38.9, 36.5 and
34.7 nm for catalyst N, NA and GNA, respectively), which
denoted a minimal thermal sintering effect on all catalysts
under the studied reaction conditions. SEM micrographs
and EDAX analysis of certain regions of the different Ni
catalyst-electrodes obtained after exposure to reaction
conditions are shown in Fig. 3. It can be observed that all
samples were porous, which facilitated the reactants and
products diffusion. However, it can also be observed that
the catalyst preparation method (by the addition of a
powder to the ink) markedly influenced its surface com-
position and morphology. From Fig. 3al, a2 (sample N),
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Fig. 3 SEM micrographs of
catalysts a N, b NA and c GNA
after exposure to reaction
conditions. EDAX mapping is
also included for catalysts NA

the obtained Ni film seems to resemble a typical homo-  be clearly distinguished in sample NA (Fig. 3bl, b2); Ni
geneous foam structure with big Ni agglomerates ranging  agglomerates with similar morphology than those present
from 6.0 to 7.0 1m [26, 30]. However, two components can in sample N (Fig. 3a2) and larger size particles with a
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smooth surface which corresponded with the a-Al,O3
powder. These particles of a-Al,O; were round shaped,
with a typical size distribution ranging between 30 and
65 Im. Moreover, an elemental mapping of Fig. 3b2 was
performed as shown on Fig. 3b3, b4 corresponding to Al
and Ni, respectively. It is clear that the previously men-
tioned largest particles were composed of Al (in green,
Fig. 3b3) and O (not shown), thus corresponding to the
a-Al,O3 powder, while the smallest agglomerates mainly
contained Ni (in blue, Fig. 3b4). It can also be observed
that sample NA exhibited a larger roughness (porosity) and
a higher number of valleys and holes in comparison with
sample N, due to the presence of the heterogeneous parti-
cles of a-Al>Os;. Hence, it is very likely that the incorpo-
ration of a-Al,O; powder allows re-dispersion of the Ni
particles coming from the ink, leading to an increase of the
catalytic surface area, as already shown in a previous study
with Pt ink [31], and demonstrated by an increase in the
metal dispersion (3, 3.4 and 3.5 % for catalyst N, NA and
GNA, respectively. Finally, sample GNA (Fig. 3cl, c2)
showed a similar porous structure with sample NA formed
by the Au particles coming from the Au ink and the
a-Al,O3 powder.

In order to select the most suitable Ni catalyst prepa-
ration method for CO, hydrogenation via EPOC, all sam-
ples (N, NA and GNA) were tested under certain reaction
conditions and potentials (Uwr) ranging from ?2 to -2 V.
Figure 4 shows the dynamic response of the reaction rates
for CO; consumption, CO and CHy4 formation for each
catalyst (N, NA and GNA) and of the electrical current
obtained upon catalyst potential variation for catalyst N.
During the measurement of transient currents, no signifi-
cant differences were appreciated between the three elec-
trochemical catalysts (N, NA and GNA). All reported rate
values were normalized to the total mol of deposited Ni.
These experiments were carried out at 240 2C with a feed
composition of Hy/CO, = 30 %/1.5 % (N, balance) and an
overall flow rate of 100 N mL min-'. The electropromo-
tional behavior was the same for the case of sample N and
NA (no electro-promotional effect was observed for sample
GNA). Firstly, the application of a positive potential
Uwr = P2 V (reference state) at the beginning and at the
end of each experiment (as well as before each negative
polarization) ensured the removal of K? ions from the
catalyst surface which had previously migrated to the cat-
alyst surface by thermal migration [3, 32]. Thus, as shown
in Fig. 4d, following application of a constant voltage the
generated current decreases with time to values close to
zero indicating that a steady state coverage of potassium is
achieved after certain time. In this way, a reference state
was obtained and the reversibility of the electropromoted
effect was checked. At the reference state (Uwr = ?2 V),
CO and CH4 were already produced by means of the
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reverse water—gas shift (Eq. 2) and CO, methanation
(Eq. 3) reactions, respectively. Then, the subsequent
decrease in the applied catalyst potential increased the
amount of K? ions that migrated electrochemically from
the K-b%AL,0; pellet to the catalyst surface (promoted
state), according to the obtained negative current (Fig. 4d).
As a consequence, the overall reaction rate of CO;
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increased as well as the production rate of CO, while the
production rate of CH4 decreased for the case of samples N
and NA. According to previous EPOC studies on CO,
hydrogenation [6, 18, 19, 21], the RWGS reaction is
electrophilic, i.e., the CO production rate increases with
decreasing potential (i.e., with increasing K? coverage). In
parallel, an electrophobic behaviour for the methanation
reaction was typically observed, i.e., the CH4 production
rate increased with increasing potential and decreasing
amount of supplied K? promoter. The obtained results with
the N and NA samples were consistent with the general
rules of chemical and electrochemical promotion [17]. In
the present work, for these two samples the migration of
K? onto the catalyst-working electrode would weaken the
chemical bond of Ni with the electron donor adsorbates
(hydrogen) and strengthen that with the electron acceptors
(COy). The increase in the binding strength of CO; on the
Ni surface would favour the dissociative adsorption of CO,
through the RWGS reaction rather than CO, methanation.
Hence, the presence of K? ions on the catalyst-film led to a
strong promotional effect in the CO, hydrogenation
mechanism toward CO formation. This effect has also been
reported in several previous studies of chemical and elec-
trochemical promotion with K? ions on different metal
catalysts [12, 19, 21, 33, 34]. Moreover, it should be noted
that for both samples N and NA, the electropromotional
effect after each polarization at ?2 V showed to be fully
reversible and reproducible in terms of catalytic activity.
This demonstrates the great advantage of the EPOC effect
compared to the conventional chemical promotion, by
providing full control and optimization of the promoted
state of the catalyst in the course of the reaction [13].

On the other hand, it is interesting to note that sample
NA showed the higher catalytic activity in terms of reac-
tion rate normalized per amount of deposited Ni for all the
applied catalyst potentials between ?2 and -2 V. This
catalytic enhancement derived from the powder addition
can be explained considering the increase in the Ni ink
porosity, as mentioned above. Catalyst NA was overall
found to be the most active catalyst. Regarding the results
obtained with catalyst GNA, it must be taken into account
that both the pure gold electrode and the gold paste mixed
with non-impregnated alumina powder showed complete
inactivity under all the studied reaction conditions (as well
as negligible electro-promotional effect). Hence, the
residual activity of catalyst GNA can be attributed to the
presence of Ni particles impregnated on the powder since
neﬁlligible activit(v) was observed on a Au film prepared
wi s

nert a-Al2 for blank experiments (not shown).

Hence, the obtained results shown in Fig. 4 confirm the
absence of any electro-promotional effect related to the Ni
particles dispersed on a-Al;Os;. This can be explained
considering the absence of conduction pathways of K? ions
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from the solid electrolyte to reach the Ni particles dispersed
on the a-AlbOs support. Summarizing, Ni metal particles
provided by the deposited metal ink (and not the impreg-
nated Ni particles) were the active catalyst and were also
electrochemically promoted for the CO, hydrogenation
reaction. According to the aforementioned results, all the
electrochemical promotion experiments described in the
next section were performed with catalyst NA.

3.2 Kinetic Study and Electrochemical Promotion
Experiments

Figure 5 shows the effect of gas flow rate, Fr, on the CO,
reaction rate, CO, conversion and selectivity to CO and CH4
at the reference state, Uwr = 2 V, and different feed com-
positions. The reference (unpromoted) catalytic rate initially
increased with increasing flow rate and reached a plateau at
high flow rate values (Fr [ 75 N mL min-!). This indicates
the absence of any mass transfer limitation phenomena
above this flow rate. Hence, all the catalytic experiments
hereafter were carried out at 100 N mL min-!. As expected,
the CO, conversion values decreased continuously upon
increasing the flow rate and, very interestingly, the CHy
selectivity also followed a negative trend. This seems to
suggest that CH, was rather produced, to a large extent, from
CO hydrogenation (Eq. 10), as a consecutive step of the
RWGS reaction, than from the direct CO, methanation
reaction (Eq. 3).
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In fact, concerning the kinetics of the reactions, reaction
rate of CO, methanation is generally considered to be
slower than reaction rate of CO methanation [35]. Fur-
thermore, it can also be observed that an increase in the
hydrogen concentration led to higher CO, conversion and
CHs4 selectivity, which will be discussed below in more
detail.

Figures 6 and 7 show the steady state effect of applied
potential on the reaction rates of CO,, CO and CH4 at
240 °C under different H, feed composition,
H>, = 3-30 %, (Fig. 6) and CO, feed composition,
CO; = 1.5-10 % (Fig. 7). In all cases a cathodic (nega-
tive) polarization increased the reaction rate of CO pro-
duction (electrophilic behaviour) while an anodic (positive)
polarization enhanced the reaction rate of CH4 formation
(electrophobic behaviour). Since, for all the experiments,
the potential-induced change of CO production rate was
more pronounced than that of CHy, the overall reaction rate
of CO; was found to increase with negative polarization
(overall electrophilic behaviour). Besides, very useful
information on the reaction kinetics at the reference state
can be extracted from these two figures, which can be then
correlated with the electrochemical promotion behaviour
observed in these experiments. In the absence of K? pro-
moter (positive polarizations), the rate of CO formation
exhibited a zero to negative order with respect to H> con-
centration (Fig. 6) and a marked positive order with respect
to CO; concentration (Fig. 7). On the contrary, the rate of
CH4 formation showed a positive order with respect to H»
and a negative to zero order with respect to CO,. As a
direct consequence, the CO; reaction rate was positive
order with respect to both H, and CO,. Similar trends were
observed in other EPOC studies of CO» hydrogenation [6,
18]. Hence, in view of these results, one could easily
explain the EPOC behaviour observed upon varying the
catalyst potential. As mentioned above, CO production
through RWGS was favoured by increasing CO, feed
concentration, which is equivalent to increasing the CO,
chemisorption strength on the Ni surface via alkali elec-
trochemical promotion. On the other hand, since metha-
nation reaction at the reference state was already inhibited
by increasing the CO, feed concentration, it is expected
that the potassium backspillover at negative potentials and
the consequent strengthening of the CO, chemisorption
also resulted in decrease of the methane formation rate.
Hence, RWGS is an electrophilic reaction, i.e., it is positive
order in the electron acceptor reactant (CO,) and negative
or zero order in the electron donor reactant (Hz), while CO,
methanation is an electrophobic reaction, i.e., it is zero to
negative order in CO; and positive order in H, [18, 21].
Thus, it is clear that the EPOC phenomena allow to control
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in situ the competitive chemisorption of the different
adsorbates on the catalyst surface which may allow control
of the selectivity requirements as will be shown below.
Figure 8 depicts the effect of temperature on reaction
rates of CO», CO and CH, for a feed composition of Ho/
CO;2 = 30 %/1.5 % (N2 balance). At the reference (un-
promoted catalyst) state (Uwr = 2 V) and under electro-
promoted (Uwr \ 2 V) conditions, it can be observed that
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the reaction rate of CO,, as well as the production rate of
CO and CHy4 were enhanced by increasing temperature. A
similar positive effect of temperature was also observed in
other EPOC studies with different metal catalysts [11, 18,
22, 24]. At all temperatures, the same EPOC behavior of
the RWGS and methanation reactions was found (previ-
ously discussed at 240 °C), i.e., electrophilic CO and
electrophobic CH4 production, respectively. Moreover, it is
important to note that the Ni catalyst was activated via
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electrochemical promotion in such a way that a very sim-
ilar production rate of CO was achieved under promoted
conditions at 240 and 270 2C as observed in the absence of
promoter at 270 and 300 °C, respectively. Hence, the
application of an electric potential which corresponds to a
current of the order of a few 1A may cause a similar
modification in the catalytic performance as a temperature
increase of 30 2C. This demonstrates the great practical
interest of the EPOC phenomenon in view of energy sav-
ings, by activating a metal catalyst at lower temperatures



[13, 36, 37]. Finally, the apparent activation energy cal-
culated via the Arrhenius plot at the reference state
(Uwr = 2 V) was 74.26 kJ mol-' for CO, consumption.
This value is in the same range as those reported in other
works. For instance, an activation energy of 40—
80 kJ mol-! was reported for the hydrogenation of CO,
over Ni catalyst [11]. Peebles et al. obtained activation
energies of 88.7 and 72.8-82.4 kJ mol-? for the metha-
nation and dissociation of CO; on Ni (100) for producing
CH4 and CO, respectively [38]. On the other hand, an
activation energy of 62.14 kJ mol-! was obtained for CO,
consumption under electro-promoted conditions (-2 V).
The activation energy was reduced from 74.26 kJ mol-!
(reference state) to 62.14 kJ mol-' (promotion conditions)
which demonstrates the positive effect of K? ions on the
kinetics of the process, as already concluded in other pre-
vious works of potassium-electropromotion [39, 40].
Figure 9 shows the variation of the reaction rate
enhancement ratio (q;), calculated for CO,, CO and CH,4
through Eq. 7, with the applied potential, under a feed
composition of Hy/CO, =30 %/1.5 % (N, balance) and
three different reaction temperatures. The corresponding
promotional indexes (Plk», Eq. 8) are also shown for an
applied potential of -0.5 V. At all studied temperatures, a
clear electrophilic EPOC effect can be observed in the
global CO; reaction and the CO production (q [ 1,
Plk» [ 0), due to the previously explained promotional
effect K? ions at negative potentials. The electrophobic
behavior of CHy4 formation rate was also verified (q \ 1,
Plk» \ 0). Hence, CO showed the highest promotion index
values, as well as the most pronounced increase in the
reaction rate with respect to the reference state. The higher
the reaction temperature, the lower the values of the rate
enhancement ratio, which was associated to the concomi-
tant increase in the reference reaction rates (ro). For the
case of the promotional index, the maximum values were
obtained at 270 ©°C, since it depended on the relative
increase of the catalytic rates and potassium coverages.
This could be attributed to the increase in the ionic con-
ductivity of the solid electrolyte, and hence in potassium
coverage at fixed potential, with increasing temperature.
Finally, in Fig. 10 is shown the influence of the applied
potential on the steady-state variation of the selectivity
towards CO and CHy at different temperatures (T = 240,
270 and 300 °C) and different feed composition (H»/
CO; = 2-20). At all temperatures the decrease in the applied
potential resulted in a strong increase of CO selectivity
(Fig. 10a2—c2) and a decrease of CHj, selectivity (Fig. 10al—
cl). For instance, with a Ho/CO ratio of 20, the selectivity of
the Nickel catalyst towards CO production was enhanced up
to more than 95 % with a potassium coverage, hk», between
0.019 and 0.066, depending on the reaction temperature. As
reported in previous EPOC studies on CO, hydrogenation
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ratio (gi) of a CO2, b CO and ¢ CHs at different temperatures

(T =240, 270 and 300 °C), with Ho/CO2 = 30 %/1.5 % (N2
balance) and Fr = 100 N mL min-' for catalyst NA. The promo-
tional index (Plk») values are also depicted for an applied potential of
-0.5 V. Data obtained from the experimental results shown in Fig. 7

[12, 19, 21, 23], the activity and selectivity of other metallic
catalysts were also in situ modified by pumping alkali ions. A
value of 75 % in methane selectivity at T = 300 2C (Ho/
CO; = 7) was reported by Theleritis et al., [21]. In the pre-
sent work, at the reference (unpromoted) state, a selectivity
value of 50 % was obtained. Although the methane selec-
tivity value obtained in this study was lower, the main
advantage to be highlighted here is the use of a non-noble
metal catalyst (Ni). Moreover, the CH4 production rate was
increased over CO production rate at higher H, concentra-
tions, in good agreement with the previous discussion and
other CO, hydrogenation studies [6, 19, 22, 41]. The
decrease in temperature also enhanced the methanation
selectivity, as reported in other works of conventional
chemical promotion [42] and electrochemical promotion [6,
11, 21]. Depending on both the applied potential and the

133



60
50 4 50 -]
{(@al) (b1) (c1)
50 . 1 1
- 40 40
40 [ .
® ® 304 ® 30
f 30 o A Ty f f
O O O
v v 20 4 A v 20
20 A R /' /
]
Pt
10 | iy’ /l / ol /’4 - 104 .
c/ -\“./ T — 1 ::;;:;
. T =240 °C 0 == T=270°C 0 - T=300°C
1(@2) . 100 4(b2) | 100 1(€2)
N pam—— S e
90 . — o .
LS *—ﬁ’““*\ =
e 90 | 0wl
80 - _— .
S S 80 S
] i @} ] i
o 7 N N S g s
wn w2 wn
60 - e 04 a
—e—H,/CO,=2 |—e—H,/c0,=2 70 {—*—H/CO,=2 "
|—a—Hy/CO,=6 o 0 |—a—H/CO,=6 |—+—H,/CO,=6
50 2 1 72 _
|-a—H,/CO,=10 —=—H,/CO,=10 0 |~ =~ H/CO,=10
1-x— H,/CO,=20 ]—x—H,c0,=20 —=—H/C0,=20
40 T T T T T T T T 50 T T T T T T T T T T T T T T T T T
2 -1 0 1 2 2 -1 0 1 2 2 -1 0 1 2
Uwr/V Uwr/V Uwr/V

Fig. 10 Effect of the applied potential (Uwr) and H2/CO: ratio feed concentration on the selectivity of CHs and CO, at a 240 2C, b 270 °C and

¢ 300 °C for catalyst NA. Reactions conditions: Fr = 100 N mL min-!

reactions conditions, one can control the Ni catalytic activity
and the selectivity towards CO and CH4 by means of the
controlled migration of K? ions from a solid electrolyte.

4 Conclusions

Different Ni catalysts films were prepared on
K-b%A1,0; by combining organometallic paste depo-
sition and addition of a-Al,O3 powder, and tested in the
CO; hydrogenation reaction. The addition of a-Al,O3
powder to the Ni ink resulted in a slight increase of the

catalyst film porosity, as revealed in SEM images, —

which resulted in a higher catalytic activity.

The Ni catalyst films were stable under the studied

reaction conditions. The Ni catalyst remained in its

reduced state during the catalytic tests and the Ni

particle size was stable, as confirmed by XRD analysis.

This suggested that the possible thermal sintering effect

was negligible, leading to a reversible EPOC behaviour

between the different potentiostatic transitions.

— Both the activity and selectivity of the catalysts were
in situ modified by the controlled electrochemical
migration of K? ions from the solid electrolyte
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(electro-active catalyst support). The reverse water—
gas shift and methanation reactions exhibited elec-
trophilic and electrophobic EPOC behaviours, respec-
tively, since negative polarizations promoted the
production of CO and decreased the CH4 production
rate.

In good agreement with the obtained catalytic results
and with the rules of chemical and electrochemical
promotion, the kinetic experiments confirmed that
CO production was positive order with respect to the
electron acceptor reactant (CO;) and negative to zero
order with respect to the electron donor reactant (Hy).
The catalytic selectivity of Ni can be strongly modified
and controlled by the application of an electric
potential. Depending on the reaction conditions, CO
and CHy4 selectivity was enhanced up to more than 95
and 45 %, respectively, via EPOC. Hence, one could
in situ control the preferential formation of syngas or
CH;4 production rate via CO; hydrogenation, which
may be of significant practical importance.
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