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ABSTRACT: The effect of electrochemical promotion of catalysis (EPOC or [Rurvsz] o
NEMCA effect) was investigated for the hydrogenation of CO, using Ru catalyst o} ost 1°
electrodes supported on YSZ solid electrolyte pellets at temperatures 200—300 °C | o} :GD?EQDN . *
and ambient pressure. Methane was found to be the main reaction product at g Q. 012 "‘:c“g
temperatures up to 240 °C, whereas CO dominated at higher temperatures. It was i», or 'g’ ol Joos §u‘°§
found that the O* supply to the Ru surface causes a significant increase in the CH, ©° | c°’:ﬁ'@/ e 1?

formation rate and selectivity, accompanied by a significant decrease in the rate of
CO formation. This is a very rare case in which electrochemical promotion is found EEERRET;
to promote a catalytic reaction and at the same time to poison a reaction proceeding
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in parallel with the promoted one. The faradic efficiency values were found to be on

the order of 10—10°, which are among the highest reported in the EPOC hydrogenation literature. The kinetic and
electropromotion results can be interpreted, using the rules of electrochemical promotion, in terms of the changes in the surface
RuO,/Ru ratio induced via potential application, as observed via ex situ XPS.
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1. INTRODUCTION

The hydrogenation of CO, to hydrocarbons, alcohols, or both
has received great attention worldwide in recent years, both as a
potential source of renewable fuels and as a potential means of
decreasing the overall CO, emissions.

Most studies of the catalytic hydrogenation of CO, have
been performed in fixed-bed reactors using mainly metal
catalysts (e.g, Pt, Rh, Pd, Ru, Cu, Fe, Co, Ni) supported over
several metal oxide supports (e.g, Nb,O; ZrO, AlO;,
Si0,).'~** High pressure operation conditions (5—70 atm)
are often used to increase the thermodynamic equilibrium
conversion to light hydrocarbons or methanol.***~>*

When CO, and H, are co-fed over a hydrogenation catalyst,
there are two main processes that can take place:

CO, + Hy — CO + H,0 (1)
xC02 + (Zx -z + y/Z)HZ - CxHyOZ + (2x — Z)Hzo
2)

The former is the reverse water—gas shift reaction (RWGS),
which is a redox reaction, and the latter is a synthesis reaction
leading to the formation of hydrocarbons, alcohols, or both. For
example, the methanation reaction can be described by eq 2 for
x=1,y=4,and z = 0, whereas forx = 1, y = 4, and z = 1, one
has the methanol synthesis reaction.

The intermediate compounds and the rate-determining step
of the CO, methanation reaction over noble metal catalysts,
including Ru, are still under discussion. Earlier studies®®*%~3°
proposed a direct CO, methanation mechanism; however,
nowadays, it is generally accepted that adsorbed CO, denoted
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CO,4 and originating from CO, dissociative adsorption, is the
main reaction intermediate. This CO,q species is believed to be
present in the case of both the CO and the CO, methanation
mechanisms. In the case of CO methanation, recent studies
have proposed that CO,q4 interacts with H,q toward formyl
adspecies (CH,0), followed by hydrogen-assisted scission of
the C—O bond and further hydrogenation to methane.'*'”?!

In the case of CO, methanation, some research
groups™>'31#1732737 pelieve that the CO,q species that are
present on the catalyst surface follow the same mechanism as
CO methanation, as mentioned above. Another point of view
has been offered"*'®*® in which CH,O was not observed. They
proposed that the mechanism of CO, methanation proceeds via
CO,q4 dissociation, followed by hydrogenation of adsorbed
carbon species.

The chemical promotion of the CO, methanation catalysts
by alkalis has also been investigated by several
groups.g’ll’zo’z‘s‘y’39 Yaccato et al.'’ reported that when Ru is
doped with alkaline metal electropositive promoters, a decrease
in the methanation activity is observed. They also reported that
Na doping of Co enhances the RWGS reaction rate.

A parallel approach to classical chemical promotion is the use
of electrochemical promotion of catalysis (EPOC or nonfaradic
electrochemical modification of catalytic activity, NEMCA
effect™) to electrochemically promote metal catalyst electrodes
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deposited over solid electrolyte supports, for example, YSZ,
TiO,, or CeO,.

The phenomenon of electrochemical promotion of catalysis
has been extensively investigated in the last 30 years for more
than 90 catalytic reaction systems using a variety of metal
catalysts (or conductive metal oxides), solid electrolytes, and
catalytic reactions.**™>* In EPOC studies, the conductive
catalyst electrode is in contact with an ionic conductor ceramic
support, and the catalyst (e.g, noble metals and oxides) is
electrochemically promoted by applying a current or potential
between the catalyst film and a counter or reference electrode,
respectively.

Numerous surface science and electrochemical techniques
have shown that EPOC is due to electrochemically controlled
migration (reverse spillover or backspillover) of promoting
ionic species (O*” in the case of YSZ, TiO, and CeO,; Na* or
K" in the case of "-Al,O;, protons in the case of Nafion, CZI
(CaZrgolng,0;-,) and BCNI8 (BayCayjsNb,5,0,_,), etc.)
between the ionic or mixed ionic—electronic conductor support
and the gas-exposed catalyst surface, through the catalyst—gas—
electrolyte three-phase boundaries (tpb).*”3>3335%6

When YSZ is used as the solid electrolyte, promoting ionic
species (denoted O°"—5") are generated in an electrochemical
step at the tpb (eq 3) and then spread, due to strong repulsive
dipole—dipole interactions, over the entire metal—gas interface,
establishing there an overall neutral effective double layer,*

©)

at a rate I/2F, where I is the current and F Faraday’s constant.

These promoting O°~ species are more strongly bonded to
the catalytic surface than normally adsorbed oxygen.*’ It should
be noted that the backspillover species are overall neutral since
the anionic oxygen species O°~ is accompanied by its image
charge 0" in the metal. They only differ from normally
adsorbed oxygen in the dipole moment (~2 vs ~1 D) and not
in the total charge, which is zero in both cases.*%7

In EPOC studies under reducing conditions,”®™® as in the
present case, it is likely that the promoting anionic species is a
hydroxyl group formed via

027 (YSZ) + Ru — [0%™ — 6T]Ru + 2¢~

0>7(YSZ) + Ru + (1/2)Hy — [OH>™ — ¢*Ru + 2¢~
(4)

The electrochemical promotion of the hydrogenation of CO,
has been studied in the past over Cu, Rh, 061 pg 6062 and
carbon nanofiber (CNF)-supported Ni and Ru® catalyst
electrodes deposited over YSZ. In the case of Pt catalyst
films, only CO formation was observed.*%? In ref 60, where
Cu/YSZ catalyst films were used, CO, CH,, and C,H, were
produced, and an electrophilic behavior was observed for all
three products. In general, when Rh catalyst films were used,
CO and CH, were produced at temperatures of 340—480
°C.%%! When a CNF—Ru catalyst was used,®> CH, and CO
were produced, but only negative polarization was found to
result in CH, formation rate increase.

When Pd catalyst films were defosited on f"-AL,O; a K*
ionic ceramic conductor support,6 the catalytic activity was
limited to temperatures above 530 °C, where only CO was
produced. Moreover, when Cu catalyst films were deposited on
StZry90Y0.1003_ a high temperature proton conductor
support, only CO was detected at temperatures 550—750 °C.

In the present study the effect of catalyst potential on the
catalytic activity and selectivity of the CO, methanation (eq 2)
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and the RWGS (eq 1) reactions was investigated using Ru
catalyst films deposited over YSZ solid electrolyte pellets at
temperatures 200 to 300 °C and ambient pressure.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. The solid electrolyte was a
pellet of 8 mol % Y,Os-stabilized ZrO, (YSZ) of 18 mm
diameter and 2 mm thickness provided by Ceraflex. Gold
organometallic paste (Metalor, A1118) was used for the
deposition of the counter and reference electrodes on one side
of the pellet. These electrodes were deposited before the Ru
catalyst deposition and were calcined in air at 650 °C for 1 h.
Blank experiments have shown that gold is catalytically inactive
for both the methanation and the RWGS reaction.

The Ru catalyst film was deposited on the other side of the
YSZ pellet in a two step process: first, by impregnation of a
RuCl; solution in n-propyl alcohol at 50 °C, followed by
calcination in air at 500 °C for 1 h; and second, via a reduction
pretreatment in 5% H,/He at 300 °C for 1 h, for catalytic
activity stabilization prior to any hydrogenation activity
measurements. The resulting mass of the catalyst film was
~3 mg.

2.2. Reactor Operation. The experiments were carried out
in a continuous flow reactor, which has been thoroughly
discussed previously.*”*>>> The feed gas composition and total
gas flow rate, F, were controlled by a set of flow meters
(Brooks smart mass flow and controller B5S878). Reactants
were certified standards of 3% CO, in He and 30% H, in He.
Pure (99.99%) He was fed to further adjust the total flow rate
and the inlet gas composition at desired levels. All the
experiments were performed at ambient pressure and 200 cm?/
min total volumetric gas flow rate. Feed reactant partial
pressures were varied between 0.25 and 2 kPa for CO, and
between 1 and 15 kPa for H,. Reactants and products were
analyzed by online gas chromatography in conjunction with an
IR CO,—CO—CH, analyzer (Fuji Electric). Constant currents
and potentials were applied using an AMEL 2053 galvanostat—
potentiostat. The conversion of CO, was usually kept below
10%.

2.3. Electrochemical Promotion Parameters Compu-
tation. The electrochemical promotion experiments were
described in terms of the following two parameters, commonly
used to quantify the magnitude of the EPOC effect:1. The rate
enhancement ratio, p, defined from*°

p=—
0

©)

where r is the electropromoted catalytic rate and ry is the
unpromoted rate (ie., the open-circuit catalytic rate).2. The
apparent faradic efficiency, A, defined from™®

_ A"cat:—.xlytic

T WE) (©)

where Ar e i the current- or potential-induced observed
change in catalytic rate (in gram equivalents per second), I is
the applied current (in amperes), and F is the Faraday’s
constant. In this study, where CH, and CO were the only
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Figure 1. Ru3p3/2 (left) and Ru3d (right) spectra of the Ru/YSZ catalyst
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film before (a) and after (b) catalyst polarization at +1 V.

products of the CO, hydrogenation, the faradic efficiency for
each formation reaction is defined from*»**®!

_ 2Arco (in mol/s)

Aco=—"1m
A 8ArCH4 (inmol/s)
T W 7)

In the case of oxidation reactions on catalysts deposited on
0>~ conductors, such as YSZ, a distinctive feature of
electrochemical promotion is that IAl > 1. However, in the
present case in which O, is not a reactant, any positive current
or positive potential-induced catalytic rate change is electro-
chemical promotion, even when |Al < 1. This is not at first very
clear in the case of negative current, since it might be argued
that CO, is decomposed to CO via O abstraction, but
negative current, that is, O* removal from the catalyst, cannot
lead to H,0O formation; thus again, any current or potential-
induced change in catalytic rate suggests electrochemical
promotion.

2.4. Catalyst Characterization by X-ray Photoelectron
Spectroscopy (XPS). The ex situ photoemission experiments
were carried out in an ultrahigh-vacuum system, which consists
of a fast entry specimen assembly, a sample preparation, and an
analysis chamber with a base pressure of <5 X 107'° mbar. The
system is equipped with a hemispherical electron energy
analyzer (SPECS LH-10) and a dual anode, which produced
the AlKa and MgKa X-ray lines. The unmonochromatized
MgKa (1253.6 eV) line was used for the XPS measurements.
The analyzer was working at constant pass energy (E, = 97 eV)
giving a full width at half-maximum of the main Ru3d XPS peak
of 1.9 eV. The XPS core level spectra were analyzed using a
fitting routine, which can decompose each spectrum into
individual mixed Gaussian—Lorentzian peaks after a Shirley
background subtraction. Regarding the measurement errors, for
the XPS core level peaks, we estimate that for a good signal-to-
noise ratio, errors in peak positions are about +0.05 eV. Ex situ
XPS spectra of the Ru catalyst were obtained both before and
after electrical polarization in the electrochemical promotion
(EPOC) experiments.
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3. RESULTS

3.1. Catalyst Characterization. 3.1.1. SEM and X-ray
Photoelectron Spectroscopy. Scanning electron microscopy
(SEM) was used to image the surface of the Ru/YSZ catalyst
electrode. SEM showed that the Ru film is porous, with a
thickness of ~4 ym.

Figures 1 and 2 compare XPS spectra of the Ru catalyst film
before (a) and after (b) catalyst polarization at +1 V. Thus, the
spectra labeled 1a left, 1a right, and 2a were obtained before the
electropromotion experiments and after a reduction pretreat-
ment in 5% H,/He, followed by ~3 h exposure to the reaction
mixture (7% H,, 1% CO,) at 220 °C. The spectra shown in the

XPS-MgKa
O1s

1

531.2 eV
A

XPS Intensity / a.u.

I | I I T T
528 530 532 534 536 538
Binding Energy / eV

Figure 2. Ols spectra of the Ru/YSZ catalyst film before (a) and after
(b) catalyst polarization at +1 V.
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Figure 3. Transient effect of constant applied positive potential (+1 V) on the catalytic rates and TOFs of the CH, and CO formation and CO,

consumption and on the current. T = 200 °C.

corresponding Figure 1b left, 1b right, and 2b were obtained
with the same sample, but after previous polarization at Uyy =
+1 V. The film was positively polarized at Uz = +1 V under a
7% H,, 1% CO, reaction mixture at 220 °C for 20 min and then
cooled under polarization to 150 °C. Then simultaneously,
current interruption, sweep with 99.99% He, and cooling to
room temperature were used in an effort to avoid any changes
in the state of the Ru surface state.

Ru3d is a doublet with a spin orbit splitting of 4.2 eV and
intensity ratio between the Ru3d3/2 and the Ru3d5/2
components of 2:3. In the case of the catalyst film after
reduction (spectrum a) the Ru3d spectrum (Figure 1 left) can
be clearly analyzed into two doublets where the full width at
half-maximum (fwhm) for each component is 1.9 eV. The
Ru3dS5/2 peak of the first doublet appears at binding energy
(BE) 280.1 eV and is attributed to Ru’, whereas the Ru3d5/2
of the second doublet appears at BE = 281.6 €V, and it is
attributed to RuO,. The intensity of the oxide component is
~4 times smaller than that of the metal. In the same spectrum,
one can identify two more single peaks at 284.6 and 287.4 eV
that are Cls photopeaks originating from C—C(H) and C-O
species.

To verify the validity of the Ru3d analysis, the Ru3p3/2 peak
was also recorded. Similarly to the Ru3d, the peak was also
analyzed into two components at BEs 461.6 and 463.9 eV,
representing Ru’ and RuO,, respectively.

Under polarization conditions, the Ru3d spectrum (spectrum
b, Figure 1 left), is wider than spectrum a, and it is analyzed
into two Ru3d doublets, one at BE = 280.1 eV, which
represents metallic Ru, and a second one with similar intensity
at BE = 281.4 eV. This BE is lower than that of the RuO, and
possibly represents a surface oxide (RuO, with x < 2), which
covers the metallic Ru. Analysis of the Ru3p peak (Figure 1
right) verifies this result, since it also consists of two
components with similar intensities, one representing metallic
Ru and the other at 0.6 eV lower BE than that for the oxide.
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It is worth noting that a peak at BE = 281.4 eV, induced in
the present work via electrochemical polarization, has been also
observed previously® in the case of thermally prepared RuO,
films to be already present in the as-prepared sample. It is quite
common, however, to find binding energy variations on the
order of some dec-electron-volts between different XPS
systems, mainly due to slight differences at the binding energy
scale calibration. The important observation in the present
work is not the exact BE value of the oxide, but the difference
found between the as-prepared sample and the sample
measured at the same system after the catalyst polarization
treatment.

The Ols photopeaks for both samples consist of two com-
ponents (Figure 2). The one at high BE (533.4 V) originates
from surface contaminants that include C—O functionalities.
The one at low binding energy represents oxygen atoms
bonded to Ru. At sample a (i.e., before polarization), the BE of
these oxygen species is 531.2 eV (RuO,). For sample b (ie.,
after polarization), the binding energy of this peak is slightly
higher, BE = 531.5 eV, indicating that the electron density
around the oxygen atom has decreased as compared with the
stoichiometric oxide.

Overall, the above observations could be attributed to the
destabilization of surface Ru oxide (RuO,) and reduction to
RuO,, via lateral repulsive interactions between the backspill-
over O species and the oxygen of the oxide. Over this
partially reduced ruthenium state, the catalytic activity was
found to be enhanced, as will be discussed later. In previous
electropromotion studies of Rh/YSZ catalysts, strong kinetic
support for a similar phase transition of the catalyst surface
from a surface oxide to O* -covered metal upon O>~ supply to
the catalyst surface has been demonstrated.*”>"*® However,
this is the first study in which the decomposition of surface
oxide by O*~ supply to the catalyst surface is supported by the
results of a surface spectroscopic technique.

3.1.2. Active Catalyst Surface Area. The surface area of the
Ru catalyst film was estimated using the galvanostatic transient

dx.doi.org/10.1021/cs300072a | ACS Catal. 2012, 2, 770-780
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Figure 4. Transient effect of constant applied negative potential (—1 V) on the catalytic rates and TOFs of the CH, and CO formation and CO,

consumption and on the current. T = 200 °C.

technique by measuring the time constant, 7, required for the
rate increase, Ar, in galvanostatic electropromotion rate
transients to reach 63% of its steady-state value.*” In this
way, one can estimate the reactive oxygen uptake, N, of the
anodically polarized metal film. Assuming a 1:1 surface metal
active site/O ratio, the active catalyst surface area, N,
expressed in moles, can be computed by

Ne = It
¢7oF (8)
during current imposition** or by
rTp
Ng=—2
¢ A )

during current interruption.** Here, r is the electropromoted
rate, and the depolarization time, 7p, defined again as the time
required for the rate to decrease by 63% during depolarization,
expresses the average lifetime of the backspillover O°~ species
originating from the YSZ lattice. Using eq 8, and the positive
polarization transient at 200 °C shown in Figure 3, where
7=530s and I = 190 uA, one computes Ng =~ 5 X 1077 mol O.

3.2. Hydrogenation Activity Measurements. Figure 3
shows the transient effect of constant positive potential
application and interruption on the catalytic rates and TOFs of
the formation of CH, and CO and of the consumption of CO, at
200 °C. The Figure also shows the current response. Initially, that
is, before any potential application, the CO, consumption rate is
125 X 1077 mol/s. As shown in Figure 3, positive potential
(+1 V) application, that is, the O*~ supply to the catalyst surface,
causes a significant increase in the CO, consumption rate,
accompanied by an increase in the CH, formation rate and a
decrease in the CO formation rate. The rate enhancement ratio
was equal to 2.5 for the methanation reaction (pcy, = 2.5) and
equal to 0.55 for the RWGS reaction (pco = 0.55). The apparent
faradic efficiency, A, values were found to be 530 and —53 for the
CH, and CO formation, respectively.
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After current interruption, the catalytic rates slowly return
to their initial values, indicating the reversibility of the
phenomenon. On the other hand, negative potential
application, that is, O*” pumping from the catalyst surface,
has the opposite effect, as shown in Figure 4. It causes a
decrease in the methanation rate and an increase in the RGWS
reaction rate. The apparent faradic efficiency values were found
to be Acy, = 56 and Acp = =S.

Turnover frequency, TOF(,, values of ~0.2 s were found

under open-circuit conditions (Figure 3 bottom), and positive
potential application caused a TOF increase up to ~0.5 s~
These values, which were calculated using Ng = S X 1077 mol
Ru, are close to those reported in the literature,16’19’20’35’39’67
which are between 0.01 and 0.3 s™" at ~200 °C, depending on
the oxide support.

The steady-state effect of temperature on the CO,
conversion and rate of consumption and on the CH, and
CO formation rates is shown in Figure S, under open-circuit
(o.c.) potential and under positive and negative potential
applications. Under open-circuit conditions, the conversion of
CO, increases with temperature from 5% at 200 °C to 25% at
300 °C. The effect of positive polarization on the conversion of
CO, was significant at low temperatures (T < 250 °C) and
practically vanished at 300 °C. This is probably due to the
decreasing lifetime of the promoting spillover species on the
catalyst surface with increasing temperature. The rate of CO
formation increases monotonically with temperature, whereas a
rate decrease is observed under positive polarization, as already
shown in Figure 3.

The rate of CH, formation under open-circuit conditions
exhibits a maximum at 260 °C. Under positive potential
application conditions, the catalytic rate increases (electro-
phobic behavior), and the optimum temperature shifts to lower
temperatures (220 °C).

The apparent activation energy of the methanation reaction
was very small because the rate goes through a shallow

dx.doi.org/10.1021/cs300072a | ACS Catal. 2012, 2, 770—780
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maximum (Figure S), whereas the activation energy of the
RWGS reaction under open-circuit conditions was ~17 kcal/
mol, which is in agreement with the values reported in the
literature."

Figure 6 shows the steady-state effect of temperature on
the selectivity to CH, and CO. The selectivity to CH,, Scy,
depends strongly on temperature. Under open-circuit con-
ditions, a significant decrease in CH, selectivity from ~70% to
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Figure 6. Steady-state effect of temperature on the selectivity to CH,
and CO, under open-circuit and positive and negative potential
applications.
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~10% with temperature is observed. The major effect of
polarization was observed at low temperatures, where CH,
selectivity reached 95%. On the other hand, negative
polarization caused a small decrease in CH, selectivity. In
contrast, the selectivity to CO increased with temperature from
~30% to ~90% under open-circuit conditions.

Figure 7 shows the steady-state effect of applied potential on
the catalytic formation rate and selectivity to CH, and CO at
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Figure 7. Steady-state effect of catalyst potential on the selectivity to
CH, and CO. T = 220 °C.

220 °C. Under open-circuit conditions, the selectivity to CH,
was ~56%. Positive potential application caused a monotonic
increase in the selectivity, where it reached ~84% under 1.3 V.
Negative potential application resulted in a decrease to ~44%
under —1.3 V. In contrast, the formation rate and selectivity
to CO exhibited the opposite behavior: that is, a monotonic
decrease from ~58% under —1.3 V to ~18% under +1.3 V
potential application.

Figure 8 (top) shows the dependence of the apparent faradic
efficiency values, A, on the applied potential at T = 220 °C.
The Acy, values decreased from 900 to 360 with increasing
positive potential, while Acq increased from —60 to —20. On
the other hand, negative polarization caused a decrease in Acy,
from 230 to 87 and a decrease in Acq from —4 to —10.

Figure 8 (bottom) shows a Tafel plot (In I vs Uyg) at
220 °C, where the exchange current, I, can be estimated by
extrapolating the linear In(I) vs Uyy (Tafel) part of the curves
to Uyg = 0. The exchange current calculated by the positive
and the negative potential branch was 35 uA. Using the
approximate expression for the prediction of the faradic
efficiency in EPOC studies,*’

(10)

one can calculate Ay, cyy, = 2120 for the formation of CH, and
Aw,co = 320 for the formation of CO. This difference between
the predicted and the experimental A values most likely
manifests the short lifetime of the promoting species, (0>~ or

dx.doi.org/10.1021/cs300072a | ACS Catal. 2012, 2, 770—780
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reaction. (bottom) Corresponding steady-state effect of catalyst
potential on the current (Tafel plot) for the Ru/YSZ catalyst. T =
220 °C.

OH‘") on the catalyst surface as a result of the strongly
reducing environment. Similar deviations from eq 10 were
found in the case of CO, hydrogenation over Cu/YSZ catalyst
films.%® It is worth noting that |Acl is much smaller than Acy,
typically by a factor of 10. This is due to the smaller catalytic
rate of the RGWS reaction, particularly under H, excess
conditions, typically a factor of 5, than the rate of methanation.

The steady-state effect of the ionic current, I/F (g-eq/s),
under polarization conditions on the potential-induced rate
change of CH, and CO formation is shown in Figure 9.
As shown in the Figure, apparent faradic efficiency values for
the formation of CH,, Acy, up to 900 were obtained under
positive potential application, while up to 150 under negative
polarization. In the case of CO formation, apparent faradic
efficiency values, Acq, were up to —45 under positive potential
application and up to —10 under negative polarization.

3.3. Kinetic Measurements. The effect of reactant partial
pressure (Py, and Pco,) on the kinetics of the methanation
and the RWGS reactions was investigated at 220 °C under
differential conditions (i.e., with less than 10% conversion).

Figure 10 shows the dependence of the reaction rates on
the partial pressure of H,, Py, at constant Pcg. The rate of
methanation is positive order in Py under open-circuit or
positive or negative polarization, in agreement with the
literature'>'*>% where first-order kinetic dependence has
been reported. On the other hand, the CO formation rate
exhibits a negative-order dependence for Py, > 2 kPa and a
weak maximum at Py ~ 2 kPa. This rate maximum possibly
indicates the competitive adsorption of the reactants and the
strong Ru—H bond strength, which results in high 0y/0cy o
values and suppresses the RWGS reaction. A similar effect
occurs upon positive polarization, where the 6y/6cy o ratio
increases, resulting in an increase in the methanation rate.

Figure 11 shows the effect of Pco, on the intrinsic reaction

rate of the methanation and the RWGS reaction, where Py was
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Figure 9. Effect of O>~ supply rate (I > 0) or removal rate (I < 0) to
the Ru catalyst on the rate change of CO, methanation and RGWS.
T =220 °C.
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Figure 10. Steady-state effect of the H, partial pressure, Py, on the
rates of CO, methanation and RGWS reaction under open-circuit
and under positive and negative potential applications. Pco, = 1 kPa,
T =220 °C.

kept constant at 7 kPa. The rate of CH, formation exhibits a
maximum at Poo, values of ~0.75 kPa. This maximum can
be due to the 0y/0cy o decrease with increasing Pco, which
suppresses the methanation reaction rate and favors the rate of
the RWGS. A positive-order dependence of the methanation
rate in Pco, was found in ref 67 in the range between 0.1 and
0.6 kPa. In addition, a zeroth or slightly positive-order kinetics
in Pgp, has been reported in the literature' 357 for higher Pco,

values. In contrast, a positive-order dependence of the RWGS
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Figure 11. Steady-state effect of the CO, partial pressure, Pco, on the
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positive and negative potential applications. Py, = 7 kPa, T = 220 °C.

reaction rate on Pco, under open-circuit and positive and negative
polarization conditions was found in the examined P range
(Figure 11), in agreement with the literature on Pt catalysts.”>

The effect of Py on the selectivity to CH, and CO is
presented in Figure 12. Increasing the Py enhances the
selectivity to CH,, which increases from ~8% at 1 kPa to ~95%
at 15 kPa H,. At the same time, the selectivity to CO, decreases
from 92% at 1 kPa to 5% at 15 kPa.

Thus, interestingly, the effect of Py is similar to the effect of

increasing potential (Figures 6 and 12) and decreasing
temperature (Figure 6).
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Figure 12. Steady-state effect of the H, partial pressure, Py, on the
selectivity to CH, and CO under open-circuit and positive and
negative potential applications. Poo, = 1 kPa. T = 220 °C.
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4. DISCUSSION

4.1. General Kinetic Features. The observed increase in
the methanation rate upon positive polarization can be
rationalized by (i) the decrease in RuO,/Ru ratio, which was
observed by XPS spectroscopy (shown in Figure 2a and b) and
attributed to the lateral repulsive interactions between O*~ and
oxygen of the surface RuO,, leading to a reduced and more
active Ru surface, and (ii) the concomitant increase in catalyst
work function, induced by the supplied O~ promoting species
to the catalytic surface and the establishment of an effective
double layer on the gas-exposed Ru surface.*” The latter results
in strengthening of the Ru—H (electron donor species, D) and
weakening of the Ru—CH,O (electron acceptor species, A)
bond strength and thus, in an increase in the H/CH,O
coverage ratio value (i.e., O/0cy o), which favors the methana-

tion reaction and suppresses the RWGS reaction, as will be
discussed later on the basis of the kinetic study. At this point, it
should be noted that “CH,O” corresponds to all possible
oxygen-containing intermediate compounds formed by CO,
dissociation (x = 0, 1, 2).

After current interruption, the catalytic rates of both
reactions slowly return to their initial values, as discussed
above. This can be attributed to consumption of the promoting
ionic species (0%~ or OH*™) present on the catalytic surface by
hydrogen and also to reconstruction of surface RuO, and
subsequent return to the initial surface RuO,/Ru ratio value by
the oxygen originating from the dissociation of CO,.

In contrast, negative polarization, that is, O°~ pumping from
the catalyst surface, causes a decrease in the catalyst work
function®” and a subsequent weakening of the Ru—H and
strengthening of the Ru—CH, O bond strength, which decreases
the 0y/0cy o ratio value and favors the RWGS reaction.

In a recent study, Bebelis et al.% have shown that the
electrochemical supply of K* (an electropositive promoter) on
a Pd catalyst deposited over "-Al, O3, led to an increase in the
RGWS reaction rate. In addition, Yaccato et al.'' reported that
Ru is the best methanizer catalyst among a variety of metals,
including Rh, whereas doping with alkaline metals (electro-
positive promoters) was found to decrease its methanation
activity. Furthermore, they reported that Na-doping of Co
increased its RWGS reaction. Similar results were obtained by
Hoost et al,*” who showed that the addition of potassium in
Ru/SiO, resulted in a decrease in the CO methanation activity.
The above results are in agreement with the present EPOC
behavior, where the O°~ (an electronegative promoter) supply
to the surface caused at the same time an increase in the
methanation and a decrease in the RGWS catalytic reaction
rates.

On the basis of Figures 3 and 4 and the XPS spectra analysis
in Figures 1 and 2, a schematic representation of the chemical
reactions and electrochemical semireactions taking place under
(a) open-circuit state and (b) positive and (c) negative
polarization conditions is given in Figure 13. As shown, under
open-circuit conditions (Figure 13a), RuO, is present on the
catalyst surface (~20%), suppressing the methanation rate.
Under positive polarization, RuO, decomposes partly to RuO,,
(x < 2), and two semireactions are considered to occur at the
catalyst electrode tpb: the formation of the backspillover O°~ or
OH*~ species (eqs 3 and 4) and the direct reaction of O*~
species with hydrogen to form H,O at the tpb (eq 11).

0>~ (YSZ) + Hy — HyO + 2¢~ (1)
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Figure 13. Schematic representation of the chemical reactions and electrochemical semireactions taking place under open-circuit (a) and positive (b)

and negative (c) potential applications.

On the other hand, two semireactions are considered to take
place at the gold counter electrode: the electrochemical
reduction of CO, with the subsequent formation of CO
adsorbed on the surface and the removal of O*~ from the
catalyst to the solid electrolyte (eq 12)

CO, + 2¢~ — CO + 0>~ (12)
and possibly the electrochemical reduction of the adsorbed CO
species (eq 13) forming surface C species.

(13)

To support the occurrence of the above semireaction (eq
13), experiments were performed using gold for all the
electrodes and feeding only CO, in the gas phase at 220 °C.
It was found that after positive polarization in 1% CO,/He
atmosphere, treatment with O, resulted in the formation of
small amounts of CO, (~10~° mol), possibly indicating forma-
tion of carbonaceous species on gold. This is in agreement with
what Kedzierzawski and Augustynski observed,®® where
formation of poisoning species on gold electrodes took place

CO 42 — C+ 0%~
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during electroreduction of CO,. However, during normal CO,
and H, feed, no blocking or poisoning effect on the current
density was observed under polarization, indicating no blocking
at the tpb.

Furthermore, negative potential application (Figure 13c)
possibly results in the formation of surface RuO,, and
electrochemical reduction of CO, (or CO, or both) takes
places at the tpb (eqs 12 and/or 13). At the gold counter
electrode, the formation of the backspillover O~ or OH®~
species (eqs 3 and 4) or the direct reaction of O*~ species with
hydrogen toward H,O formation at the tpb (or both) can take
place.

4.2, Comparison with the Promotional Rules. In the
electrochemical promotion literature, a reaction is termed
electrophobic when the rate increases with increasing catalyst
potential (ie, or OU > 0) and electrophilic when the rate
decreases with increasing catalyst potential (ie., or U < 0).*
In addition, the reaction behavior is termed volcano when the
rate goes through a maximum upon varying the catalyst
potential and inverted volcano when the rate goes through a
minimum upon varying the catalyst potential.*’
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According to the promotional rules,**>*™>" the EPOC

behavior can be predicted on the basis of the open-circuit
reaction kinetics with respect to the electron donor (D) and the
electron acceptor (A) reactant species. An operational
definition of D and A is based on whether increasing their
gaseous concentration causes a decrease in catalyst potential
and work function (electron donor, D) or an increase in
potential and work function (electron acceptor, A).** Electro-
phobic behavior is observed for positive-order open-circuit
reaction kinetics with respect to D (i.e,, H,) and negative or
zeroth order kinetics with respect to A (i.e., CO,). Electrophilic
behavior is observed when the reaction kinetics are negative or
zero order in D and positive order in A. When the kinetics are
positive order both in D and in A, inverted volcano behavior is
obtained, i.e., the rate passes through a minimum with varying
catalyst potential, and volcano type behavior is observed when
the rate goes through a maximum with respect to both the D
and the A partial pressure. These rules are summarized in the
top part of Figure 14.

As shown in the bottom part of Figure 14, all the observed
potential-induced rate changes are in very good agreement with
the rules of EPOC,**>>™>” which allow for the prediction of the
EPOC behavior on the basis of the kinetics of the reaction, that
is, based on the measured reaction orders ap and @, with
respect to the electron donor and electron acceptor reactant.

Figure 14 provides a confirmation of these promotional
rules*®>*™7 in terms of the reaction kinetics (Figures 10 and
11) and the observed EPOC behavior (Figure 7). One observes
that the methanation is always positive order in H, (ap > 0)
(Figure 10). Thus, when it is negative order in CO, (a, < 0)
(Figure 11, high Pc,), then electrophobic behavior is obtained;
when it is positive order in CO, (a, > 0) (Figure 11, low P¢ ),
then inverted volcano behavior is obtained. The RWGS is
always positive order in CO, (a, > 0) (Figure 11). Thus, when
it is negative order in H, (ap, < 0) (Figure 10, high Pco,) then
electrophilic behavior is obtained; when it is positive order in
H, (ap, > 0) (Figure 10, very low Py ), then inverted volcano
behavior is observed. One also anticipates volcano-type
behavior for ap < 0 and a, < 0, that is, in the region of low
temperatures and high reactant partial pressures (bottom left
part of Figure 14), but no kinetic data could be obtained in that
region.

5. CONCLUSIONS

The effect of electrochemical promotion of catalysis (EPOC or
NEMCA effect) was investigated for the CO, hydrogenation
reaction using Ru catalyst-electrodes over YSZ solid electrolyte
pellets at temperatures of 200—300 °C and ambient pressure.
Methane was found to be the main reaction product at
temperatures up to 240 °C, and CO dominated at higher
temperatures. Positive potential application, that is, 0>~
promoting species supply to the Ru catalyst surface, was
found to result in a significant increase in the CO, consumption
rate, accompanied by an increase in the CH, and a decrease in
the CO formation rates. This change in the product formation
rates causes a significant increase in the reaction selectivity to
CH,. The opposite effect was observed by negative potential
application, that is, O*~ species removal from the catalyst
surface. The results are in agreement with the rules of
electrochemical and classical promotion of catalysis.
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Figure 14. Promotional rules***>™%” (top) and their confirmation
(bottom). “D” denotes an electron donor adsorbate (i.e., one which
decreases the catalyst potential or work function; e.g,, H,), “A” denotes
an electron acceptor adsorbate (ie., one that increases catalyst
potential and work function); ap, and @, are the kinetic reaction orders
of the rate with respect to D and A. The confirmation is based on
Figures 10, 11 and 7 (bottom). The methanation is always positive
order in H, (ap > 0) (Figure 10). Thus, when it is negative order in
CO, (ay, < 0) (Figure 11, high Pcp ), then electrophobic behavior is
obtained; when it is positive order in CO, (a, > 0) (Figure 11, low
Pco,), then inverted volcano behavior is obtained. The RWGS is
always positive order in CO, (a, > 0) (Figure 11). Thus, when it is
negative order in H, (ap, < 0) (Figure 10, high Py ), then electrophilic
behavior is obtained; when it is positive order in H, (ay, > 0) (Figure 10,
very low Py ), then inverted volcano behavior is obtained.
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