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Abstract

The electrochemical synthesis of fuels by CO, hydrogenation was studied over a cheap,
widespread and non-precious Cu catalyst in a potassium ion conducting membrane (K-
BAI,O3) reactor at bench scale, under atmospheric pressure, at relatively low temperatures and
high gas flow rates, with varying H,/CO, ratios and using gas compositions representative of
postcombustion CO, capture exit streams and easily scalable catalyst-electrode
configurations, as an approach towards its potential practical application.

The Cu catalyst film was deposited by electroless and characterised both as prepared and
after testing. The presence of Cu+ and relatively big Cu particles probably determined the
high selectivity to CH3OH and the unusual small selectivity to CO and CHa.

Selectivities to CH30H, C,HsOH and C,HgO were electrochemically enhanced up to a
maximum of 34, 22 and 3.4 times, respectively. The optimum temperature for the
electrochemically assisted CO, hydrogenation was selected to be 325 °C. Higher gas flow
rates favoured the synthesis of dimethyl ether at the expense of methanol and ethanol
formation. CO, conversion increased with H,/CO, ratio, whereas selectivity to fuels showed a
maximum for a H,/CO; ratio of 2. Selectivity to dimethyl ether follows an opposite trend vs.

H./CO; ratio with respect to methanol and ethanol ones.

Keywords: Electrochemical synthesis, Bench scale, CO, hydrogenation, Cu/K-BAl,03 CO,

recycling.



1. Introduction

Due to the depletion of fossil fuels and the increasing CO, atmospheric levels incoming
from combustion, valorisation of CO, to fuels is viewed as a complementary strategy for
reducing CO, emissions, allowing their recycling and, therefore, a more sustainable use of the
energy resources. Chemical recycling of carbon dioxide, as an energy carrier, from
combustion sources can be achieved via its capture and subsequent hydrogenation to fuels
(methanol, dimethyl ether, ethanol, etc.), given that any available renewable energy source
(wind, solar or hydraulic) is used for both production of needed hydrogen (by water
electrolysis) and chemical conversion of CO.. In this way, carbon dioxide can be transformed
from a detrimental greenhouse gas causing global warning into a valuable, renewable,
environmentally neutral and inexhaustible fuel source for the future [1-4].

It can be predicted that increasing amounts of cheap CO; will be available from carbon
sequestration in the near future. Moreover, the potential use of methanol and derivatives
(dimethyl ether) as fuels leads to forecast a growth in the demand of both compounds.
Currently, methanol is produced at industrial level from syngas streams over Cu based
conventional catalysts operating at high pressure to promote the hydrogenation reaction.
However, these catalysts are no so effective for CO,-rich sources (CO, capture streams) under
operating conditions of interest. Dimethyl ether and other hydrocarbons can be also formed
over Cu based catalysts with improved CO; conversion [5].

The application of small currents or potentials between a metal catalyst which is in contact
with a solid electrolyte and a counter electrode results in the moving of promoting species to
the catalyst surface, allowing altering the catalytic performance for the CO, hydrogenation
reaction and the selectivity to the desired products, as well as to simultaneously monitor and

control the reaction during the process [6]. CO, hydrogenation over Cu is susceptible of being



electrochemically assisted, allowing operation of the catalyst under milder conditions [7]. The
electrochemically promoted CO, hydrogenation reaction has been studied over Pt on YSZ (an
0% conductor) [8, 9] or K-BAIO3 (a K+ conductor) [10], Pd on YSZ or Na-BAl,O; (a Na*
conductor) [11], Rhon YSZ [8, 12], Ru on YSZ or Na-BAl,0O3 [13, 14] and Ni or Ru
impregnated carbon nanofibers on YSZ [15]. However, there are few previous studies of CO,
hydrogenation over Cu in solid electrolyte ion conducting membrane reactors. It has been
studied over Cu on SrZr9Y103., (a proton conductor) [7] and over Cu on TiO,-YSZ [8]. In
addition, these studies have been carried out using reaction conditions and gas compositions
that are not representative of real postcombustion CO, capture exit streams. Therefore,
aspects regarding the practical application of the technology have not been addressed in detail
[16—18]. On the other hand, some previous works [19-23] demonstrated that CO, and H,
chemisorption over Cu surfaces can be modified by the presence of potassium, and
consequently the catalytic performance of Cu catalyst towards the CO, hydrogenation
reaction can be electrochemically altered by controlling the potassium surface concentration
on the catalyst surface.

This work presents a bench-scale study of electrochemical synthesis of renewable fuels by
CO;, hydrogenation over a cheap, widespread and non-precious Cu catalyst on K-BAI,O3, at
high flow rates, under atmospheric pressure and at relatively low temperatures, using gas
compositions representative of postcombustion CO, capture streams and catalyst-electrode
tubular configurations easily adaptable to existing catalytic devices (conventional flow
reactors) and prepared by a readily scalable procedure. Moreover, in this study, we evaluate
the influence of temperature and gas flow rate on the extent of the electrochemically assisted
CO; hydrogenation reaction and on the selectivity for the different target oxygenated fuels.
Changing H,/CO;, ratios (from 2 to 4) have been explored in order to consider the effect of a

discontinuous H; flow, as the H, needed for CO, hydrogenation may be discontinuously



produced by water electrolysis only when electricity demand is low and from intermittent

renewable energy sources [2, 3].

2. Experimental

2.1 Electrochemical catalyst

The electrochemical cell evaluated in this work consisted of a thin Cu film (catalyst-
working electrode) deposited by electroless on the outer surface of a 28-mm-i.d., 100-mm-
long, and 1-2 mm-thick K-BAl,O3 tube, closed flat at one end (IONOTEC). A gold counter
electrode was painted on the inner side of the solid electrolyte tube to perform polarizations.
Gold was chosen as counter electrode material because it is reported [8] to be inert for the CO,
hydrogenation reaction.

The Au counter electrode was prepared by painting the inner side of the K-BAl,O3 tube with a
gold paste (HERAEUS-C5729). The deposited paste was dried at 150 °C during 10 min, heated
to 850 °C at a controlled rate and, finally, annealed at 850 © C [11] during 10 min, following
instructions of the gold paste supplier and taking into account recommendations given by the
solid electrolyte supplier IONOTEC).

After that, the copper layer was deposited on the outer surface of the K-BA1,03 tube by
electroless deposition technique. Electroless deposition [24—28] is the process of depositing a
metallic coating from a solution without the application of external electrical power, so it is
therefore applicable to non-conducting substrates, as is the case. Substrates need to be activated
with a catalyst, usually palladium, to start deposition. Most metals, including Cu, are

electrocalatytic so, once deposition starts, it keeps on going increasing layer thickness.



In this case, the outer surface of the candle was firstly cleaned with a mix of acetone and
methanol (50/50) and then activated by introducing it in a solution containing 0,001M of
palladium chloride followed by rinsing. After palladium activation, the K-BAl,O3 tube was
immersed, during one hour, in the electroless deposition bath that contains: copper sulphate as
metal source, sodium and potassium tartrate as complexing agent, sodium hydroxide to adjust pH
and formaldehyde as reducing agent. Solution temperature was kept at 25°C under bubbling of a
small amount of air in the solution. Finally, the substrate tube was rinsed with distilled water and

dried in air in an oven at 70°C.

2.2 Catalyst characterisation

The Cu film was characterized, both as prepared and after reduction and testing, by
Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD) and X-ray Photoelectron
Spectroscopy (XPS) techniques.

The morphology of the catalyst film was investigated via SEM using a HITACHI S-2500
instrument of 25 kV of accelerating voltage and 35 A of resolution.

XRD patterns of the catalyst-working electrode film were recorded on a PHILIPS “Xpert-
MPD” instrument using a Cu Ko X-ray source (45 kV and 40 mA), a 20 range of 15-75°, a
step size of 26=0.03° and a step time of 2 s.

The surface chemical composition of the Cu film was examined by XPS using a Perkin-
Elmer PHI 5400 System equipped with a Mg Ka (hv = 1253.6 eV) excitation source running
at 15 kV and 20 mA and having a beam diameter of 1 mm. Base pressure in the analysis
chamber was maintained at about 10”° Torr. The pass energy was set at 89.5 eV for general
spectra (0-1100 eV) and at 35.75 eV for high resolution spectra. The energy scale was

referenced to the carbon 1s signal at 285.0 eV.



2.3 Experimental set-up

Electrochemically assisted CO, hydrogenation over Cu was studied in a bench-scale plant
described in detail elsewhere [10].

Post-combustion CO, capture gas components and hydrogen can be fed by mass flow
controllers. Steam can be added by vaporising water fed into a boiler by a metering pump.
The mixed wet gas can be then preheated and sent to a fixed-bed down-flow quartz reactor,
with 35 mm of diameter and 900 mm of length, heated by a three-zone electrical furnace.
Polarization across the cell was imposed and measured using a potentiostat-galvanostat.

Gaseous products from the reactor were passed through a heated transfer line to the gas
analysis system to prevent condensation of any volatile products. Gas composition was
simultaneously determined using a gas microchromatograph (VARIAN CP-4900) and an
NDIR CO,/CO (FUJI ELECTRIC ZKJ) on line analyser [10], enabling the analysis of: Hy,
Na, CO, CHy, CO,, C;H,, C,Ha, CoHg, C3Hg, C3Hg, methanol, dimethyl ether, ethanol, formic
acid and acetic acid.

The gas micro-chromatograph (VARIAN CP-4900) is equipped with three column
modules: a PLOT Molecular Sieve 5A (10 m x 0.32 mm), a PORAPLOT Q (10 m x 0.15 mm)
and a CP-SIL 5 CB (6 m x 0.15 mm) [10]. Each column is connected to the corresponding
micro thermal conductivity detector (micro-TCD). The gas chromatography analysis was
performed at constant temperature and pressure, but the conditions differ for each column
module and are as follows: 40 °C and 20 psi, 41 °C and 25 psi and 41 °C and 7.3 psi for the
PLOT Molecular Sieve, PORAPLOT Q and CP-SIL 5 CB, respectively.

Helium is used both as carrier and reference gas for the thermal conductivity detectors.



2.4 Operating conditions and procedure

The electrochemical catalyst was appropriately placed in the reactor, with the closed flat
end of the tube facing the inlet gas stream, in order to avoid by-pass phenomena and to ensure
a god catalyst-reactive gas contact.

The electrical connections in the reactor were made from gold wires [8]. Both catalyst (Cu)
and counter (Au) electrodes were connected via gold wires (one point-spot connection) to the
galvanostat-potenciostat without using a current collector grid. The current uniformity over
the entire catalyst surface was ensured because the in-plane or surface resistance of the Cu
film (both as prepared and after testing) was determined to be below 1 Ohm, which is small
enough (bellow 30 Ohm) [15] as to guarantee equal current distribution over the entire
catalyst surface. For this purpose, after preparation of the Cu catalyst electrode and before
performing any CO, hydrogenation tests, the in-plane or surface resistance of the Cu catalyst
film was obtained by measurement of the electric resistance between two point contacts taken
at different distance from each other (from 10 mm to 90 mm). In the case of Au counter
electrode film the corresponding surface resistance resulted to be also very low (of about 0.4
Ohm).

Before the CO, hydrogenation tests, the Cu film was firstly reduced in a stream of H; at
400 °C during 1 h [10].

A positive potential of 4 VV was applied between the Cu and the Au electrodes during 30
min prior to each test in order to clean the Cu catalyst surface from potassium ions, which
could thermally migrate to the catalyst surface, and to ensure the decomposition of any
potential carbon dioxide adsorbed species, as a way to define a reproducible reference state
(unpromoted state) of the Cu catalyst surface. At the end of this time, the current density

dropped to almost zero. This potential value is about the decomposition voltage, i.e., the



electrode potential above which the current starts to increase appreciably concurring with
solid electrolyte decomposition, reported for Na-3Al,O3 [29]. However, in accordance with
literature [30], no evidence of solid electrolyte decomposition could be found from the
dependence of current on potential observed in previous cyclic voltammetry studies of the Cu
catalyst (not shown). The stability of the K-gAl,O3 electrolyte was confirmed by
measurements of the cell resistance before and after hydrogenation tests, which revealed that
it stayed the same after testing.

The electrochemical experiments were performed both under temperature programmed
manner, by following the effect of temperature (between 200 to 400 °C) on the catalytic
performance and selectivity at different applied potentials, and under potentiostatic mode, by
following the influence of the applied potential (between 4 and -2 V) on CO, conversion and
selectivity to the different products at a given temperature. The effect of polarization (under
application of constant potentials from 4 to -2 V) on catalyst performance was investigated at
the temperature selected from the temperature programmed tests, using different gas flow
rates (90 and 522 | h™) and H,/CO; ratios (between 2 and 4) to determine the influence of
operating conditions on CO, conversion and selectivity to the different products.

CO;, hydrogenation tests were performed under H, and CO, binary mixtures, although a
small amount of N (about 0.5 %) was added to the reaction gas mix as an internal standard.

Accordingly [10], CO, conversion ( X CO, ) and “CO; free selectivity” is defined as (1) and

(2), respectively:
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Where [CO,]. and [CO, ], are the corresponding CO, molar quantities at the inlet and
outlet of the reactor. As well, [N, ] and [N, ], are N, molar quantities at the inlet and outlet
of the reactor, respectively. Additionally, S, is the selectivity to product i, n, is the number of
carbon atoms of product i and M, is moles of product i, respectively.

The coverage of potassium (Ok) established on the Cu surface for each applied potential at
steady state conditions was estimated according to Faraday's law (3) [31]. Where F is the
Faraday’s constant, N is the surface mol or electrochemical active surface area (mol of active
sites) of the Cu catalyst electrode, 1 is the current observed upon application of each potential (V)
and t is time of current application (1500 s at each potential).

6 = (=1 xt)/(FxN) 3)

The effect of polarization on catalyst performance for the CO, hydrogenation reaction was
gauged in terms of promotion index (Plk;) (4) [6] for each fuel product formation (methanol,
ethanol and dimethyl ether).

_ Ar, /roi

Pl = 5 (4)

Where 4rj, is the electropromoted variation in catalytic rate of formation of product i and
loi, IS the unpromoted catalytic rate of formation of product i.

The value of current efficiency or Faradaic efficiency (nc) and energy cost (Cg) were
calculated for each fuel product formation (methanol, ethanol and dimethyl ether) under different

applied potentials and operating conditions, following the expressions (5) and (6), respectively:
7. ={(m, /M) xv, jv, x F{/(1xt) (5)

CE =VxFX(Ve/vp)/(??cxlvlp) (6)

10



Where, ve is the number of electrons transferred and vy, is the stoichiometric coefficient in
each product formation reaction. Additionally, m, and M, are the mass and molecular weight of

product formed, respectively.

3. Results and Discussion

3.1 Catalyst characterisation studies

As reported in literature [6], the utilised preparation technique determines also porous
structure, surface morphology and particle size of the metal thin film and therefore the
electrochemically assisted catalytic behaviour of the system.

SEM micrographs of Cu catalyst-working electrode film, both as prepared and after
testing, are shown in Fig. 1a and Fig. 1b, respectively. XRD patterns of the Cu catalyst-
working electrode film, both as prepared and after testing, are also depicted in Fig. 2a and Fig.
2b, respectively. The peak at around 26=43.3 was identified as the main diffraction peak of
metallic Cu (JCPDS card no. 01-085-1326); whereas the peak at about 26=36.5 was assigned
to the main diffraction peak of Cu,O (JCPDS card no. 01-077-0199). The rest of the peaks
may be ascribed to the K-BAl,O3 solid electrolyte (JCPDS card no. 00-051-0769 and 01-084-
0380).

Moreover, the average crystallite size of the samples was evaluated from X-ray broadening of
the main metallic Cu diffraction peak at 20 = 43.3 by using the well-known Debey-Scherrer
equation [32, 33]. The average particle size resulted to be of about 23 nm for the fresh catalyst
and around 60 nm for the used sample.

As can be observed in Fig. 1a, the obtained Cu film seems to resemble a typical foam

structure [34], suggesting that it is porous (allowing reactants and products diffusion), with a
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small particle size (associated with high reactivity), as determined by XRD, and continuous,
as verified by electrical conductivity measurements. Therefore, the utilised electroless
technique allows preparation of a thin Cu catalyst film with the suitable morphology,
microstructure and electrical properties (surface resistance below 1 Ohm) required for the
electrochemically assisted tests [35]. XPS analysis results (not shown) confirmed also that the
Cu catalyst surface (as prepared) was free of chlorine or any other poisoning adsorbent which
could be potentially incorporated in the course of catalyst preparation by electroless.

It seems that exposure of the Cu catalyst film to hydrogen and reducing testing gas
environment resulted in an almost complete reduction of Cu oxide to metallic Cu and in
sintering of metallic Cu particles [36], giving rise to an increase in Cu particle size, as
resembled by the fact that reference XRD peak of Cu,O almost disappeared and metallic Cu
XRD peak turned sharper in the used sample.

Cu metal dispersion has been also estimated from the obtained particle diameter [37]. Cu
dispersion decreases from 4.7 % in the fresh sample to 1.8 % in the used sample. In addition, the
surface Cu/Al ratios obtained from XPS technique, which reflect the copper dispersion on
alumina support [38], were found to be 3.5 and 2.4 for fresh and used samples, respectively.
Therefore, as reported by literature [36, 39], after reduction and reaction, metallic Cu crystallites
sinter increasing their size while decreasing Cu dispersion.

In fact, according to XRD analysis, there is a redox between metallic Cu (Cu®) and Cu,O
(Cu") involved in the mechanism of Cu catalysis. Two models [40, 41], redox and formate
decomposition/hydrogenation pathways, have been proposed to explain the mechanism of CO,
hydrogenation on Cu-based catalysts. In the redox model, CO, dissociation takes place on Cu® to
form CO (which could be further hydrogenated to other products) and Cu,O which is
subsequently reduced by hydrogen. CO, dissociation may be inhibited in the case of Cu,O was

not completely reduced by hydrogen, therefore a parallel pathway was suggested, the formate
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decomposition/hydrogenation mechanism, in this case, the intermediate is proposed to be the
formate species produced from association of hydrogen and CO, [40—43], which may result in
methanol formation by hydrogenation and/or in CO/CO, release by decomposition. Cu® and Cu+
were proposed to coexist on the Cu catalyst surface, in special in the presence of potassium [42].
The role of Cu® is possibly to dissociate H, and supply atomic hydrogen required for
hydrogenation reaction [40, 44, 45]. Cu® has been also reported to enhance the rate of formate
species formation and hydrogenation, whereas the presence of Cu+ (especially in small
amounts) is reported to improve, apart from CO, adsorption, formate intermediate stability and
its hydrogenation (hydrogen addition) resulting in an enhanced selectivity to methanol [40, 42,
43]. Therefore, although the Cu film was pre-reduced in H; before performing any tests, Cu,O
may be formed in CO; dissociation over metallic Cu upon exposure to H,/CO, binary mixtures
during testing [40—42]. In addition, as reported by literature [43], CH3;OH formation is associated
with the presence of Cu+ surface species which seems to be reduced simultaneously. Moreover,
the presence of potassium is reported to both stabilize copper ions under reduction and to cause
the formation of Cu+ by electron withdrawing [42]. The balance between the different
phenomena results in the observed catalytic performance and Cu,O/metallic Cu distribution.

The electrochemical active surface area (mol of active sites) of the Cu catalyst-electrode
film (as prepared) was calculated [15] using the estimated Cu metal dispersion value and the
known Cu loading (total amount of metal deposited in moles) and resulted to be 1 x 10 mol

Cu.

3.2 CO; hydrogenation tests

3.2.1 Effect of temperature

13



Fig. 3 shows the steady state effect of temperature on the conversion of CO, and on the
selectivity to CH3OH, C,HsOH and C,HgO over a clean Cu surface (+ 4 V) (Fig. 3a), without
polarization (0 V) (Fig. 3c) and under anodic (+2 V) (Fig. 3b) and cathodic (-2 V) (Fig. 3d)
polarization conditions, at temperatures from 200 to 400 °C, at 90 | h™* of total gas flow rate
and using a H,/CO;, ratio of 3.

In absence of polarization (0 V), although no electrical current passes across the cell,
potassium promoter ions could also thermally migrate from the solid electrolyte to the catalyst
surface as temperature increases, due to the increased ionic conductivity of the solid
electrolyte at higher temperatures.

The main products obtained were methanol, dimethyl ether and ethanol, but CO, CHg,
C,+C3 hydrocarbons, formic acid and acetic acid were also detected to be formed. CO,
conversion shows a maximum at certain temperature for whatever the applied potential. The
selectivity to CH3OH and C,HsO exhibited also a maximum at a given temperature and then
decreased with the temperature increment, whereas selectivity to C,HsOH monotonically
decreases as temperature increases, which agree with the fact that the equilibrium conversion
of CO, to methanol and ethanol decreases as temperature increases. In fact, the equilibrium
conversion of CO, to methanol increases with the increase of pressure and decreases strongly
as temperature increases [46, 47], whereas the equilibrium conversion of CO; to ethanol
decreases with increasing temperature and decreasing pressure and the ratio of H,/CO, in the
reaction gas [48]. In all cases, the selectivity to C,HsOH or C,HgO is higher when selectivity
to CH3OH is lower. This seems to indicate that formation of CH3;OH, C,HsOH and C,HgO are
in competition over the Cu catalyst surface. A H,/CO; ratio of 3 matched with the theoretical
stoichiometry in the methanol, ethanol and dimethyl ether synthesis reactions by CO,
hydrogenation according to equations (7) to (9), and thus they are thermodynamically

favoured under these conditions.
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CO, +3H, » CH,OH + H,0 (7)
2CO, +6H, - C,H,OH +3H,0 (8)
2CO, +6H, »C,H,0 +3H,0 9)

Moreover, C,HsOH and C,HgO can be also formed by hydrogenation (10)/hydration (11)

and dehydration (12) of CH3OH, respectively.

2CH,OH+3H, —C,H.OH + H,0 (10)
2 CH,OH +H,0— C,H.OH (11)
2 CH,OH—>C,H,0 +H,0 (12)

In fact, as reported by literature [46], methanol converted to dimethyl ether at 250-300 °C
and both methanol and dimethyl ether are reported to be transformed into hydrocarbons at
temperatures about 400 °C [49], where RWGS (13) and methanation (14) reactions are also
favoured [8].

CO,+H, >CO+H,0 (13)

CO,+4H, > CH, +2H,0 (14)

Fig. 4 compares CO, conversion (a) and selectivity to methanol (b), ethanol (c) and
dimethyl ether (d) curves vs. temperature obtained for different applied potentials.

Over an electrochemically cleaned Cu surface (4 V), CO, conversion shows a maximum
(around 3 %) at about 250 °C. Cathodic (-2 V) polarization leads to a significant increase in
CO,, conversion which reaches about 6 % at 275 °C. Without polarization (0 V) and under
anodic (+2 V) polarization, the maximum CO; conversion, at low temperature (around 300
°C) where methanol formation is favoured [46, 47], was about 1.5 % and 2.5 %, respectively.

In the absence of surface potassium (4 V), the selectivity to CH3OH and C,HgO attained a
maximum of about 15 % and 45 %, respectively, around 325 °C and 275 °C, correspondingly

and then decreased with the temperature increment, whereas selectivity to C,HsOH
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monotonically decreased from about 35 % at 200 °C to around 10 % at 400 °C. Decreasing the
applied potential leads to a significant increase in the maximum of CH3zOH selectivity, which
reaches about 45%, 40% and 20 % without polarization (0 V) and under anodic (+2 V) and
cathodic (-2 V) polarizations, respectively, and it is obtained at lower temperature (around
300 °C-325 °C). Selectivity to C,HsOH is only noticeably enhanced in the absence of
polarization (0V), reaching a maximum of about 25 % at around 325 °C. At temperatures
above 325 °C, the application of both 0 V and anodic (+2 V) polarization leads to a significant
increase in C,HgO selectivity, reaching a maximum of about 45 % and 50 %, respectively,
whereas the application of cathodic (-2 V) polarization gives rise to an improvement in
selectivity to C,HgO (up to about 40 %) at temperatures below about 250 °C.

Results obtained at different temperatures revealed that CO, conversion and selectivity to
the different target products were maximum at temperatures around 300-325 °C, for any
applied potential. Therefore, a temperature value of 325 °C was selected for subsequent
experiments, given that the potential promoting effect of potassium increases with
temperature as a result the improved ionic conductivity of the solid electrolyte at higher

temperatures.

3.2.2 Effect of potential

The steady state influence of polarization on the behaviour of the Cu electrocatalyst was
investigated through potentiostatic experiments performed at two different gas flow rates (90
and 522 | h™) in order to analyse the influence of gas flow rate on CO, hydrogenation under
the stoichiometric H,/CO; ratio of 3 at the selected temperature of 325 °C. In order to
consider the less favourable, although more realistic, conditions associated with a

discontinuous flow of renewable H; [2], the behaviour of the catalyst was also studied using
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H./CO; ratios of 2 and 4, which correspond to a lack and an excess of H,, respectively, in
relation to the stoichiometry of the oxygenates (CH3OH, C,HsOH and C,H¢O) formation
reactions, (7) to (9).

Fig. 5 depicts the response of CO, conversion and selectivity to CH3;OH, C,HsOH and
C,HgO to different applied potentials (between 4 and -2 V). The experiments were carried out
at 325 °C and 90 | h™* and using a H,/CO, ratio of 3.

As commented above, for H,/CO; ratios of 3, the hydrogenation of CO; over the
electrocatalyst, at 325 °C and 90 | h, gives rise mainly to the formation of the different target
oxygenates, in addition to (not shown) formic acid (15), acetic acid (16) and C,+Cs
hydrocarbons, mostly as C,Hg (17) and C3Hg (18). CH4 and CO were almost undetected to be

formed under these conditions.

CO, +H, — HCOOH (15)
2CO, +4H, — CH,COOH +2H,0 (16)
2CO,+7H, —»C,H, +4H,0 (17)
3CO,+9H, —>C,H, +6H,0 (18)

In this case, CO, hydrogenation is affected significantly by the applied potential, with
selectivities to CH30H, C,HsOH and C,HgO up to 27.7 %, 27.9 % and 47.1 %, respectively,
but CO, conversion is rather low The catalyst showed an electrophilic electrochemical
behaviour, i.e., CO, conversion increases with the presence of the electrochemical promoter,
due to the enhanced CO, adsorption, while selectivities to CH3;OH, C,HsOH and C,HsO
exhibited a “volcano type” electrochemical behaviour, i.e., they reach a maximum at a certain
potential or potassium surface coverage.

As can be deduced from Fig. 5, it seems that oxygenates formation is promoted around 0V,
being a competition for the formation of the different hydrogenation products over the catalyst

surface.
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As can be observed in Fig. 5, the optimum applied potential for CH3OH, C,HsOH and
C,HgO formation is about 1 V (6= 2.02), 0.5 V (6= 2.32) and -0.5 V (Ok= 8.56),
respectively, which corresponds with an enhancement in its selectivity of up to 6, 3 and 2
times and with a promotion index of 1.3, 0.2 and 0.13, respectively, i.e., increasing or
decreasing applied potential from this value resulted in a decrease in the selectivity.
Chemisorption of reactive molecules on a catalyst is the previous step to any catalytic process.
Chemisorption of an adsorbate on a metal implies electron donation from metal to adsorbate
or from adsorbate to metal. In the first case, the adsorbate is called electron acceptor
(electronegative), whereas in the second, is called electron donor (electropositive). There is a
certain scale of electronegativity or electron acceptor capacity [6]. In the K-BAl,O3 system,
potassium ions can electrochemically migrate, via application of decreasingly potentials, from
the solid electrolyte to the Cu catalyst electrode favouring the adsorption of electron acceptor
molecules, like CO,, whereas, at the same time, hindered the adsorption of electron donor
species (H, in this case), giving rise to an increase in CO, (electron acceptor) coverage and to
a decrease in the coverage of H, (electron donor) and therefore, modifying metal bond
capacity which each reactive molecules and thus, its catalytic behaviour [6, 9, 13, 50].

In this way, depending on the relative electronegativity of the different adsorbates which
participate in the reaction and on which of them is in excess over the catalyst surface, the
application of polarization will have a positive or negative effect on the overall kinetics of the
process [6, 50]. Thus, there is a given value of potential or promoter coverage which
optimizes catalyst performance and selectivity to the desired product, which depends on
temperature and gas composition.

Therefore, the observed electrochemically assisted catalytic behaviour can be rationalized
considering the effect of varying applied potential on the chemisorptive bond strength of

reactants and intermediate surface species [6, 50] and in accordance with the mechanisms
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proposed for the CO, hydrogenation reaction over Cu [42, 51-57]. CO, does not chemisorb on
clean Cu surfaces [19-21, 58—60]. However, the presence of K on Cu surface is reported
[19-21] to promote CO, activation (19), resulting in the formation of a highly distorted CO,
molecule (CO,*-) interacting strongly with the surface [20, 21], which indicates that CO, is
always adsorbed as an electron acceptor [6].

CO, +e— CO; (ads.) (19)

The application of high positive potentials (electrochemically cleaned Cu surface), gives
rise to a migration of potassium ions from the catalyst surface to the solid electrolyte,
resulting in an increase of the catalyst work function, which favours the transfer of electrons
from electron donor molecules, like H,, to the Cu catalyst [61], and, thus, enhances the
dissociative adsorption of the latter (20) on the Cu catalyst surface, giving rise to an increase
in H, coverage and to a decrease in the coverage of CO,, being CO, (electron acceptor)
adsorption (19) the reaction limiting step [6-8, 61].

H, >2H™ (ads.)+2e (20)

Therefore, CO, hydrogenation over Cu based catalysts is initially limited by these two first
steps: (19) CO, adsorption and (20) H, dissociation to create adsorbed atomic hydrogen. The
third step can follow a dual pathway, which leads to hydrogenated products creation via
adsorbed CO or formate intermediate species [22, 42, 51-57, 62].

Surface formate species produced from association of adsorbed CO, and H atoms (21) [22,

42, 52-57], can be further hydrogenated to formic acid (22) [56, 57], methanol (23) [52, 54,

55], etc.
CO; (ads.) +H (ads.) —» HOOC" (ads.) (21)
HOOC' (ads.) + H (ads.) — HCOOH (22)
HOOC" (ads.) +5 H (ads.) - CH,OH + H,0 (23)
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Moreover, CO, dissociative adsorption on Cu is considered to be enhanced by the presence
of coadsorbed hydrogen (24) [56, 57]. CO adsorbed species resulting from CO, dissociation
or formate decomposition (25) [22, 42, 52-57] may desorb in the gas phase (26) or can
gradually lead to highly hydrogenated molecules formation. In fact, according to literature
[56, 57], from CO, methanol (27) and CH, radicals (28) can be directly produced. CH, radicals
can react with hydrogen to form CH, (29) or C,+C3 hydrocarbons. Ethanol (30 and 31), dimethyl

ether (32) and other multi-C alcohols can be also formed from adsorbed CO.

CO; (ads.)+e+2H" — CO" (ads.) + H,O (24)
HOOC" (ads.) + H (ads.) - CO™ (ads.) + H,O (25)
CO” (ads.) —> CO (26)
CO” (ads.) + 4 H (ads.) - CH,OH (27)
CO” (ads.) + 4 H (ads.) — CH, (ads.) + H,0O (28)
CH;, (ads.) + 2 H (ads.) - CH, (29)
CH;, (ads.) +CO” (ads.) + 4 H (ads.) - C,H.OH (30)
CH,OH +CO" (ads.) + 2 H (ads.) — C,H,OH (31)
3CO" (ads.) + 6 H (ads.) — CH,OCH, + CO, (32)

A H,/CO, ratio of 3 is about the stoichiometric ratio required for CH3;OH, C,HsOH and
C,HsO production and thus these reactions are thermodynamically favoured and are in
competition over the catalyst surface under these conditions. Moreover, it can be observed
that under application of decreasing positive potentials (low potassium coverage) formation of
CH30H, C,HsOH and C,HgO is increasingly promoted reaching a maximum at about 1 V, 0.5
V and -0.5 V, respectively. Decreasing catalyst potential gives rise to the migration of
potassium promoter species from the solid electrolyte to the Cu catalyst electrode, resulting in

a decrease of the catalyst work function, which favours the transfer of electrons from the Cu
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catalyst to electron acceptor molecules, like CO,, and, thus, favours the adsorption of the
latter on the Cu catalyst surface, whereas H; dissociative adsorption is hindered. The coverage
of formate species are reported to increase also in the presence of potassium. In fact, it has
been reported [36, 42] that new active sites are created at the interface between copper and
potassium which are able to generate formate species and are active in higher alcohol
synthesis. In addition, it has been reported that the presence of potassium may also favours
hydrogenation of adsorbed CO species via polarization of the CO molecule [60].

CH30H, C,HO and C,HsOH should be preferentially formed under conditions where
surface coverage of both reactants (CO, and H,) is expected to be very similar (under medium
potassium coverage around 0V). CO, does not adsorb in clean Cu surfaces (in absence of
potassium at highly positive potentials) [19-21, 58—60] and, at the same time, Cu, which has
a relatively high hydrogen reaction overpotential [56], is somewhat catalytic for hydrogen
evolution (at very negative potentials), therefore, a competition between CO, and H,
adsorption could be expected, and, thus, according to this mechanism, it is expected that the
formation of CH3OH, C,HsOH and C,HgO will be limited by the adsorption of both H, and
CO; [56, 57].

A subsequent decrease in potential, i.e., a further increase in potassium coverage, gives rise
to an additional enhancement of CO, adsorption on Cu surface, and to a further decrease in H,
dissociative adsorption. Moreover, surface formate species are reported to decompose (33),
preferentially to H, and CO; instead to CO and H,0O, at high potassium surface coverages
[42]. Therefore, a subsequent decrease in potential results in a decrease in selectivity to
CH30OH, C,;HsOH and C,H¢O, because both formate decomposition (33) and hydrogen
evolution (34) reactions are favoured on increasing potassium surface coverage, and the
amount of both adsorbed on the surface is reduced and could limit CO, hydrogenation

reactions. In addition, as more water and CH3;OH are formed, the amount of surface CO
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potentially generated by hydrogen enhanced CO, dissociation or formate decomposition could
decrease also trough the WGS (water gas shift) (35) reaction [54], which is also promoted in
the presence of potassium [61], and via blocking of RWGS (reverse water gas shift) reaction

(13) active sites by CH3OH [8], contributing also to the observed decrease in oxygenates

selectivity.
HOOC" (ads.) + H (ads.) - CO, +H, (33)
2H(ads.) > H, (34)
CO” (ads.) + H,0—>CO, +H, (35)

The catalyst shows an electrophilic electrochemical behaviour i.e., CO, conversion
increases on decreasing the applied potential as a result of the improved CO, adsorption.

As commented above, under the utilised operating conditions, CO and CH, were almost
undetected to be formed. The electrocatalytic activity of Cu for RWGS reaction is reported to
be quite low [7]. Moreover, as reported by literature [42, 62, 63], the presence of Cu+ species
in the catalyst, as confirmed by XRD and XPS analysis of both fresh and used samples [42],
probably determined the high selectivity to CH3OH and the unusual small selectivity to CO
and derived CH, [63], because RWGS is more favoured on metallic copper than on partially
oxidized copper [44]. In addition, CO, and CO dissociation to form surface CO and CH,
precursor species, respectively, is restricted over the relatively big Cu particles of the catalyst.
In fact, as reported by literature [39], the size of copper particles significantly affects the
selectivity to methanol, in special at low CO; conversion levels, i.e., larger particles (> 12 nm)
are considerably more selective to methanol than smaller ones (< 3 nm). Moreover, CO
dissociation, to form CH, precursor surface species, is also restricted over bigger particles [11,
64]. In addition, the potentially formed CO is able to be strongly adsorbed on Cu surfaces [44],
according to the proposed mechanism [42] and, as commented above, decomposition of

surface formate species induced by potassium tends to produce H, and CO, instead to form
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CO and H,0 [42]. The presence of potassium is believed to decrease also the availability of
hydrogen atoms required for CH, formation [61]. In addition, the potentially formed

methanol is reported to block active sites for RWGS reaction [8], limiting also CO production.

3.2.3 Effect of gas flow rate

In order to analyse the impact of gas flow rate variation on the catalyst performance, an
additional series of potentiostatic tests was carried out at 325 °C and 522 | h™ and using a
H./CO; ratio of 3. Fig. 6 shows the steady state effect of applied potential variation (between
4 and -2 V) on CO, conversion and on the selectivity to CO, CH3OH, C,HsOH and C,HsO
under these conditions. The carbon mass balance (relative difference between carbon mass at
the reactor inlet and outlet) was also calculated for each test. As an example, the values of
carbon balance obtained for each applied potential are also shown in Fig. 6.

As can be observed in Fig. 6, at higher gas flowrate, the hydrogenation of CO, over the Cu
catalyst film gives rise to CO formation in addition to oxygenated compounds, and it is, as
well, perceptibly influenced by the applied potential, with selectivities to CH;OH, C,Hs0H,
C,HsO and CO up to 10.3 %, 7.3 %, 78 % and 14.9 %, respectively, but CO, conversion is
still quite low (up to 8 %) and CH,4 formation is also negligible [54]. The carbon balance was
closed to below 0.4 % for all applied potentials.

The catalyst showed an electrophobic electrochemical behaviour, i.e., CO, conversion
decreases with decreasing applied potential and thus with increasing potassium surface
coverage, presumably due to the favoured formate decomposition. Selectivity to C,HgO and
CO decreased with lowering catalyst potential showing also an electrophobic electrochemical

behaviour, whereas selectivities to CH3OH and C,HsOH exhibited a “volcano type”
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electrochemical behaviour, i.e., they reach a maximum at certain potential or potassium
coverage.

As can be extracted from Fig.6, the optimum potential for C,HgO formation seems to be
1.5V, which corresponds with a minimum in potassium coverage (of about 0.09) and with a
maximum in current efficiency (of about 2419.5) and promotion index (of about 36) for
C,HgO formation, and given the simultaneous high CO, conversion and low selectivity to the
rest of the products, which would result in higher yield of a finest C,HgO product.

As can be seen in Fig. 6, for higher gas flow rates (or reciprocally lower contact times) CO
production is enhanced at positive potentials, while CH3;OH formation appears to be favoured
at negative potentials, which seems to indicate that it is mainly produced directly from
adsorbed CO; via the formate route according to reactions (21) and (23).

It seems that in this case, under application of high positive potentials, CO formed through
hydrogen enhanced CO; dissociation (24) or formate decomposition (25) [42] tends to desorb
(26) instead to further react over the catalyst surface, because CO is also a weaker electron
donor than hydrogen and its adsorption is also hindered at high positive overpotentials, being
RWGS (13) favoured under these conditions.

As can be deduced from Fig. 6, on decreasing applied potential, formation of CH30H and
C,HsOH is increasingly promoted reaching a maximum, at about -1.5 V (6k= 6.03) and -0.5
V (6= 8.56), which corresponds with an enhancement in its selectivity of up to 34 and 9
times and with a promotion index of 2.4 and 0.5, respectively. Decreasing catalyst potential
results in the migration of potassium promoter species to the catalyst electrode, favouring CO,
(electron acceptor) adsorption on Cu surface. Adsorbed CO; can be gradually hydrogenated,
via formation of surface formate, to formic acid (22) and highly hydrogenated molecules [42],
such as methanol (23), up to a maximum. In addition, as commented above, as more water

and CH3OH is formed, the increase in selectivity to alcohols could be also due to a

24



concomitant decrease in CO vyield. In addition, water formed as a co-product in CO,
hydrogenation has been reported to be instrumental in the formation of methanol from
formate like species on supported Cu based catalysts [44].

A subsequent decrease in potential and, then, an additional increase in surface potassium
coverage results in a decrease in selectivity to CH3;0OH, C,HsOH and C,HgO, because, as
commented above, the hydrogen evolution and formate decomposition reactions are favoured,
and the amount of both adsorbed on the surface is reduced and could limit CO, hydrogenation
reactions. In addition, close inspection of Fig. 6 shows that CH3;OH formation still remains at
the lowest applied potential tested and that higher amount of CH3OH is formed when the
decomposition of surface formate species is supposed to begin. The decomposition of these
formate species releases hydrogen to the surface which is then able to hydrogenate some
undecomposed formate to form CH3OH. Therefore, under these conditions, surface formate
hydrogenation could be the rate determining step in CH3;OH synthesis [65].

In an attempt of clarifying the CH3OH formation path from CO,, the influence of gas flow
rate (the reciprocal of contact time) on CO, hydrogenation behaviour is depicted in Fig. 7.
Results indicate that increasing gas flowrate, and correspondingly, decreasing contact time,
resulted in an increase in CO, conversion (Fig.7 a) and dimethyl ether selectivity (Fig. 7 d)
and in a decrease in C,HsOH selectivity (Fig. 7 ¢) and in the maximum of CH3OH selectivity
(Fig. 7 b) which is, in addition, shifted to lower potentials (from 1 V to -1.5 V).

According to literature [54], the mechanism of CH3;OH formation changes depending on
the utilised contact time range. At low contact times, which correspond with high gas flow
rates, CH3OH is mainly produced directly from CO,, via adsorbed formate species, according
to reaction (23) and CO is formed via the parallel RWGS reaction, whereas for high contact

times (or low gas flow rates), another contribution to CH3OH should be considered, that is
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CH3OH is formed from adsorbed CO deposited by the hydrogen enhanced CO, dissociation
according to equation (27).

It can be also extracted from Fig. 7b that at high gas flow rates, i.e., at low contact times,
where the formate route seems to be dominant, methanol formation is promoted at negative
potentials or high potassium surface coverage, whereas for low gas flow rates (high contact
times), methanol formation is promoted at positive potential or low potassium surface
coverages, where methanol appears to be predominantly produced via the RWGS route.

Selectivity to methanol (at positive potentials) and ethanol decreased on increasing gas
flow rate [66, 67]. On the contrary, selectivity to C,HgO increases on increasing gas flow rate.
This could be indicative of the fact that C,HsO and CH3OH are produced in parallel paths
through the corresponding direct hydrogenation reactions, because a diminution in selectivity
to C,HgO with the increase in gas flow rate could be expected if C,HgO was produced via
consecutive dehydration of the formed CH3OH [36, 49]. However, C,HsOH selectivity
decreases with the increment in gas flow rate as CH3;OH does, which seems to indicate that
C,HsOH is formed in any consecutive reaction from CH3OH or from the same reaction
intermediate.

According to literature [67], the observed decrease in C,HgO selectivity at higher residence
times (especially at positive potentials) could resemble a possible inhibition of primary
dimethyl ether synthesis, via hydrogenation of the adsorbed CO deposited by the hydrogen
enhanced CO, dissociation (RWGS route), by H,O formed as side product of higher alcohols
and by hydrocarbons secondary reactions of adsorbed CO with CH," radicals, which are
favoured by long residence times.

In view of these results, it seems that the increase in gas flow rate favours the synthesis of

dimethyl ether at the expense of methanol and ethanol ones.
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However, given that, as commented above, CO, conversion increases with flow rate
increase (especially at positive potentials), the presence of mass transfer limitation
phenomena could not be ruled out [8].

In addition, on increasing gas flow rate, the electrochemical behaviour of the catalyst for
the CO, hydrogenation reaction shifts from electrophilic to electrophobic, in accordance with
the change in the main reaction pathway and with the variation in the adsorbed amount of the

corresponding reaction intermediate with potassium surface coverage.

3.2.4 Effect of H,/CO» ratio

The effect of H,/CO, ratio on catalyst performance was investigated through potentiostatic
experiments performed at two additional H,/CO; ratios (2 and 4) at 325 °C and 522 | h™.

The steady state response of CO, conversion and selectivity to CH30H, C,HsOH and
C,HsO to different applied potentials (between 4 and -2 V), using a H,/CO,, ratio of 2, is
displayed in Fig. 8. As can be observed in this figure, under these conditions the
hydrogenation of CO; over the Cu electrocatalyst is significantly influenced by the applied
potential. CO; conversion and selectivity to C,HgO exhibit a “volcano type” electrochemical
behaviour, that is, they reach a maximum of 4.2 % and 87.1 %, respectively at a given
potential of 0.5V and 1 V, correspondingly.

As can be extracted from Fig. 8, formation of CH30H and C,HsOH is promoted at both
highly positive and very negative potentials. Therefore, according to the previous findings, it
seems to suggest that under this Ho/CO, ratio, at highly positive potentials, CH3;OH and
C,HsOH formation takes place via hydrogenation of adsorbed CO resulting from hydrogen
enhanced CO, dissociation (RWGS route), whereas, at very negative potentials, their

formation occurs through the surface formate route [42, 65]. In both cases, selectivities to
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methanol and ethanol exhibit also a “volcano type” electrochemical behaviour, i.e., they reach
a maximum of 55.4 % and 19.7 % at 2.5V and of 9 % and 7 % at -1.5 V (6x=6.03, Plkmethanol
= 5.5 and Plkethanoi= 17). The variation of dimethyl ether selectivity vs. applied potential
shows opposite tendency to that of methanol and ethanol selectivity, being a competition for
the formation of the different hydrogenation products over the catalyst surface.

As can be obtained from Fig. 8, the optimum applied potential for CH3;OH and C,HsOH
formation is about 2.5 V, which corresponds with an enhancement in its selectivity of up to 9
and 22 times, respectively, whereas a maximum improvement of 3.4 times in C,;HgO
selectivity is attained at 1 V (©x=2.02 and Plygimethylether = 2).

At positive potentials, CH3OH selectivity is enhanced for a H,/CO, of 2, probably because
this value corresponds to the stoichiometric ratio required for CH3OH formation via
hydrogenation of CO resulting from hydrogen enhanced CO, dissociative adsorption. For the
same reason, the formation of CH, " radical and derived species, such as ethanol, could be also
improved under this H,/CO;, ratio.

As well, Fig. 9 depicts the steady state influence of applied potential variation (between 4
and -2 V) on CO; conversion and on the selectivity to CH3;0OH, C,Hs0H and C,HgO at a
H,/CO; ratio of 4.

As can be obtained from Fig. 9, under this H,/CO, ratio, CO, conversion and selectivity to
methanol, dimethyl ether and ethanol are enhanced on decreasing applied potential within the
positive range. As indicated above, under application of high positive potentials, H, (electron
donor) dissociative adsorption on Cu surface is favoured, being CO, (electron acceptor)
adsorption the reaction limiting step. CO; dissociation is considered to be enhanced by the
presence of adsorbed hydrogen. Hydrogenation of CO adsorbed species resulting from CO,
dissociation leads to the formation to these oxygenated products. Decreasing catalyst potential

results in the migration of potassium promoter species to the catalyst electrode favouring CO,
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(electron acceptor) adsorption on Cu surface, whereas H, dissociative adsorption is hindered.
As a result, selectivity to CH30H, C,HsOH and C,HgO increases up to a maximum value of 8
%, 8,1 % and 70 % at about 1 V (6=2.02), 1.5 V (6¢=0.09) and 2 V, which corresponds
with a maximum enhancement in its selectivity of up to 27, 4 and 1.7 times, respectively. In
this case, selectivities to CH30H, C,Hs0OH and C,HgO showed similar trends against
potential, because in spite of hydrogen dissociative adsorption is hindered on decreasing
applied potentials, for H,/CO, ratios of 4 (higher than the stoichiometric ratio) hydrogen
coverage is always higher than that of species resulting from CO; dissociation [13] and thus
CO adsorbed species can be gradually hydrogenated to the three species. Therefore, the
competition between the different hydrogenation reactions is less pronounced.

However, the optimum potential for C,HO formation is thought to be 1.5 V, which
corresponds with a minimum in potassium coverage (of about 0.09) and with a maximum in
current efficiency (around 7355.2) and promotion index (of about 36) for C,HgO formation,
and given the simultaneous considerably high CO, conversion, which would result in high
C,HsO yield.

A subsequent decrease in potential results in a decrease in selectivity to CH3OH, C,HsOH
and C,H;O, because the hydrogen evolution reaction is favoured, and the amount of hydrogen
adsorbed on the surface is reduced and could limit CO, hydrogenation reactions. In addition,
as more water is formed, the amount of surface CO generated by hydrogen enhanced CO,
dissociation could decrease also trough the WGS reaction.

CO;, conversion is relatively pronounced, up to about 25 % at 1 V (6= 2.02), but
selectivities to CH3;OH and C,HsOH are rather low.

For better understanding of the influence of H,/CO; ratio on catalyst performance and
selectivity to the different target products, the potentiostatic variation of CO, conversion and

selectivity to CH3OH, C,HsOH and C,H¢O is plotted for different H,/CO, ratios in Figs. 10
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(@) to (d), respectively. Results indicate that for applied potentials higher than 0.5 V, CO,
conversion increases on increasing H,/CO; ratio from 2 to 4, as a result of the increased
hydrogen availability with respect to the stoichiometrically required for the synthesis of the
different oxygenated products. Therefore, on increasing H,/CO; ratio, the competition
between the different hydrogenation reactions is less pronounced. On the one hand, for
H./CO; ratios different from three, which matched with the theoretical stoichiometry in
methanol synthesis by CO, hydrogenation, selectivity to methanol and ethanol decreased at
negative potentials, whereas selectivity to dimethyl ether did at highly positive ones. This fact
could be because the amount of surface hydrogen is in excess, for a H,/CO, ratio of 4, and in
defect, for a H,/CO, ratio of 2, with respect to that required by stoichiometry for methanol
synthesis via the formate route (at negative potentials) and for dimethyl ether synthesis
through the RWGS pathway (at positive potentials), and, thus, the surface reactions could be
restricted by the amount of CO, and H, adsorbed on the Cu surface, respectively [67].

On the other hand, for H,/CO; ratios distinct from two, which is that required for
stoichiometric synthesis of methanol from CO hydrogenation via the RWGS route, at highly
positive potentials (above 1.5 V), selectivity to methanol was almost unaffected by H,/CO,
ratio [68] and ethanol selectivity decreased on decreasing H,/CO ratio [48], whereas
selectivity to dimethyl ether decreased, at potentials below 1.5 V, on increasing H,/CO; ratio.

For a H,/CO, of two, selectivity to methanol (Fig. 10 b) [62] and ethanol (Fig. 10 ¢)
showed a maximum and selectivity to dimethyl ether (Fig. 10 d) exhibited a minimum at 2.5
V.

Therefore selectivity to dimethyl ether follows an opposite trend vs. H,/CO, ratio with

respect to methanol and ethanol selectivity.
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One of the main challenges for advancing CO, hydrogenation to fuels is increasing the
energy efficiency of the process, i.e., decreasing the energy requirements for producing the
products [4]. The trend is to maximize products yield with minimal energy input.

From the above commented results, it seems that the control of the yield of CH3;0H,
C,HsOH and C,H¢O can be carried out by modification of the applied potential, i.e., there is
an optimum value of potential (or potassium surface coverage), at a given flow rate,
temperature and H,/CO; and ratio, which maximized CH3OH, C,HsOH or C,HgO selectivity.
Average values of potassium surface coverage, at steady state conditions, estimated for each
applied potential are shown in Table 1. According to (3), only positive values of potassium
coverage (negative values of current) has been included in Table 1, because negative values of
potassium coverage (positive values of current) do not make sense unless represent the
transfer of potassium ions from catalyst surface to the solid electrolyte.

The energy requirements for producing the different products can be evaluated from the
values of current efficiency and energy cost calculated for each product formation (methanol,
ethanol and dimethyl ether). The maximum values of current efficiency were obtained for 1.5 V
(Ok of about 0.09) and resulted to be 87, 338 and 7355 for methanol, ethanol and dimethyl ether
formation, respectively. Such a high current efficiency is a distinguishing feature of
electrochemical promotion vs. electrocatalysis [6]. On the contrary, the corresponding minimum
values of energy cost (kwWh/Kg) associated with each product formation was 0.1, 0.03 and
0.0014, respectively. In most cases, the maximum in CH3;OH and C,HsOH selectivity
coincides with a rather low CO; conversion value. On the contrary, as can be extracted from
the obtained results, under some optimised conditions (mainly at 325 °C, 522 1 h™*, 1.5V and
H./CO; ratios of 3 and 4), high values of C,HgO selectivity and CO, conversion can be
obtained with a maximum in current efficiency and a minimum in energy cost and with low

selectivities to the rest of the products (mainly CH3OH and C,HsOH), which turn into higher
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yield of finest dimethyl ether. The latter implies also lower cost associated with product
purification. In addition, dimethyl ether is a liquid fuel susceptible of being directly used in
diesel engines, therefore it may be considered as the best target product.

Practical application of CO, hydrogenation requires also the development of stable and
durable systems under conditions representative of potential application, as well as their study
under realistic conditions at an appropriate scale, which will be the subject of our forthcoming
work. In fact, our future work will be focus on the study of the durability and stability of the
system under selected operating conditions by monitoring of CO, conversion and selectivity
to the different target products vs. time on stream and by correlation of these results with
possible changes in catalytic behaviour and physicochemical properties of the catalyst as a
result of the long term exposure to the testing gas, as a way also to identify and study any
potential deactivation.

Although the aim of the work described in the present study was mainly to identify
appropriate electrochemical catalyst systems and operating conditions for CO, hydrogenation
to fuels, some information about system stability and durability can be extracted from the
obtained results. No evidence signs of catalyst deactivation or corruption, apart from the slight
sintering of Cu particles upon reduction and testing [36], could be found from XPS, XRD or
SEM characterisation of the Cu film after testing. In addition, the resistance of both the Cu
catalyst electrode and electrochemical cell remained the same after testing. Both facts seem to
resemble certain stability of the system for moderate durations. Regarding the stability and
durability of the system along surface cleaning/K surface doping cycles by varying potential,
CO, conversion and selectivity to different target products obtained under unpromoted
conditions (4 V) at the end and at the beginning of the cycles have been compared and the
relative difference in CO, conversion and selectivities was mostly below about 6 %, which,

could be ascribed to the experimental error in chromatographic analysis and not to
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deactivation. In addition, the value of the current observed upon application of 4 V at the
beginning and at the end of the cycles maintained in the same low value. Both facts seem to

indicate also some durability of the system upon cleaning/doping cycles.

4. Conclusions

In this study, a Cu/K-BAl,O3/Au tubular electrochemical catalyst has been successfully
prepared by electroless and characterised, both as prepared and after reduction and testing, by
Scanning Electron Microscopy, X-Ray Photoelectron Spectroscopy and X-Ray Diffraction
techniques.

The CO, hydrogenation over Cu in a potassium ion conducting membrane reactor can be
electrochemically assisted under atmospheric pressure, at relatively low temperatures and
high gas flow rates and under realistic postcombustion CO, capture exiting gas compositions.
Selectivity to the different target fuels can be modulated by modifying applied potential under
given operating conditions.

The hydrogenation of CO, over the Cu catalyst leads mainly to the formation of methanol,
dimethyl ether and ethanol, but CO, CH,4, C,+C3 hydrocarbons, formic acid and acetic acid
were also detected to be formed.

Selectivities to CH30H, C,HsOH and C,HgO were electrochemically enhanced up to a
maximum of 34, 22 and 3.4 times, respectively.

A temperature value of 325 °C was selected to be the optimum for the electrochemically
assisted CO, hydrogenation process.

Increasing gas flow rate, for a given H,/CO, ratio of 3 and at 325 °C, resulted in an increase in
CO, conversion and dimethyl ether selectivity and in a decrease in both ethanol selectivity

and the maximum of methanol selectivity, which shifts to more negative potentials. The
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increase in gas flow rate was found also to favour dimethyl ether synthesis reaction at the
expense of methanol and ethanol formation.

Results obtained at different H,/CO; ratios, at 522 | h™ and 325 °C, showed that the
maximum in CO, conversion increases with H,/CO ratio, whereas the maximum in
selectivity to the different oxygenates is obtained for a Ho/CO, ratio of 2, being 55.4 %, 19.7
% and 87.1 % for CH30H, C,HsOH and C,HgO, respectively. Selectivity to dimethyl ether
follows an opposite trend vs. H,/CO ratio with respect to methanol and ethanol ones.

Therefore, this study addresses some scale-up aspects, such as operation at high flow rates
and atmospheric pressure, under realistic gas compositions and using catalyst-electrode
configurations easily adaptable to the existing catalytic devices (conventional flow reactors),
based on a cheap, widespread and non-precious Cu catalyst, and prepared by commercial
ready procedures, which may have an impact on the potential practical application of the
process for CO, recycling, contributing not only to controlling the global “Green-house

Effect”, but also to the availability of fuel sources for the future.
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(a) (b)
Fig. 1. SEM micrographs of the Cu catalyst-working electrode film: (a) as prepared, (b) after

reduction and testing.

Fig. 2. XRD analysis of the Cu catalyst-working electrode film: (a) as prepared, (b) after

reduction and testing.

Fig. 3. Influence of temperature on (m) CO, conversion and on selectivity to (e) CH3;OH, (a)
C,HsOH and (v) C,HgO. (a) over a clean Cu surface (4V), (b) under anodic polarization (2V),

(c) without polarization (0V) and (d) under cathodic polarization (-2V). (90 | h™}, Ho/CO, = 3).

Fig. 4. Influence of temperature on (a) CO, conversion and on selectivity to (b) CH3OH, (c)
C,HsOH and (d) C,HgO. (m) over a clean Cu surface (4V), (e) under anodic polarization (2V),
(a) without polarization (0V) and (v) under cathodic polarization (-2V). (90 | h*, H,/CO, =

3).

Fig. 5. Influence of the applied potential on (m) CO, conversion and on selectivity to (e)

CH3OH, (a) C,HsOH and (v) C;HsO (90 | h'Y, Ho/CO, = 3, 325 °C).

Fig. 6. Influence of the applied potential on (m) CO, conversion, on selectivity to (e) CH3;OH,
(a) C,HsOH, (v) C,HsO and (#) CO and on carbon balance (*). (522 | h™', H,/CO, = 3, 325

OC)

Fig. 7. Effect of gas flow rate on the potentiostatic variation of (a) CO, conversion and
selectivity to (b) CH3OH, (c) C,HsOH and (d) CoHgO. (m) 522 1 h™ and () 90 | h™. (H,/CO, =

3,325°C).
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Fig. 8. Influence of the applied potential on (m) CO, conversion and on selectivity to (e)

CH3OH, () CHsOH and (v) CaHgO. (522 1 b, Ho/CO, = 2, 325 °C).

Fig. 9. Influence of the applied potential on (m) CO, conversion and on selectivity to (e)

CH3OH, () C;HsOH and (v) CaHgO. (522 | b, Ho/CO, = 4, 325 °C).

Fig. 10. Effect of H,/CO, ratio on the potentiostatic variation of (a) CO, conversion and

selectivity to (b) CH30H, (c) C;HsOH and (d) C,HgO. (m) H,/CO, = 4, (@) Hy/CO, =3 and (a)

H,/CO, = 2. (522 | h!, 325 °C).
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Table

Table 1

Applied potential, observed current and potassium coverage at steady state conditions

Potential (V) Current (A) Ok

4 0.039 N/A
3.5 0.042 N/A
3 0.027 N/A
2.5 0.016 N/A
2 0.0072 N/A
1.5 -0.00058 0.09
1 -0.013 2.02
0.5 -0.015 2.32
-0.5 -0.055 8.56
-1 -0.057 8.94
-1.5 -0.039 6.03

-2 -0.034 5.23
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