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The effect of electrochemical promotion of catalysis was investigated for the water–gas shift reaction
over porous Pt catalyst electrodes interfaced with 8%mol Yttria-stabilized Zirconia. A fuel cell type elec-
trochemical reactor was used at temperatures from 300 �C to 400 �C, under PH2O=PCO ratio values from
2.85 to 31. A negative order dependence of the catalytic reaction rate on PCO and a positive one on
PH2O was found under open-circuit and polarization conditions. Positive potential application (+2.5 V),
i.e., O2� supply to the catalyst surface, causes a small decrease in the catalytic reaction rate, while neg-
ative potential application (�1.5 V) results in a pronounced rate increase, up to 200%, with apparent far-
adaic efficiency values up to 110. The rate increase obtained with negative polarization can be attributed
to the weakening of the Pt–CO bond strength but also, to the increase in surface concentration of oxygen
ion vacancies near the Pt-gas-support three-phase boundaries necessary for water dissociation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction syn-gas feed at elevated temperatures (up to 500 �C) and pressures
The technologies of hydrogen production and purification will
be of great importance in the hydrogen-energy economy in the
near future. In the water–gas shift (WGS) reaction Eq. (1), hydro-
gen is produced from water in the presence of CO. This reaction
is a key technology in the hydrogen purification processes of
syn-gases obtained by steam reforming or partial oxidation of
hydrocarbons [1,2].

COþH2O! CO2 þH2 ð1Þ

The WGS state-of-the-art industrial process occurs in two steps
to overcome the thermodynamic limitations at higher tempera-
tures (moderately exothermic reaction, DH� ¼ �41:1 kJ=mol),
including a high-temperature (350–500 �C) shift (HTS) utilizing a
Fe2O3/Cr2O3 catalyst, followed by a low-temperature (200–
250 �C) one (LTS) over a Cu/ZnO/Al2O3 catalyst [1]. However, a
single-step WGS process would be more desirable, avoiding the
technical complexities of a multistep process.

Supported noble metal (e.g., Pt, Pd and Au) catalysts are re-
ported as promising single-step WGS catalysts, due to their high
catalytic activity at low temperatures, tolerance in chemical poi-
soning (Cl and/or S), long-term stability at high temperatures and
regenerative potential after deactivation as a result of prolonged
use. Recently, a sulfur-resistant commercial WGS catalyst has been
reported by de la Osa et al. [3] using an industrial coal-derived
ll rights reserved.

ouentie).
(19 bar).
The WGS pathway and the exact nature of any intermediates

formed are still under discussion; however, it is generally agreed
that both the metal and the support play essential roles. Among
the two reactants, i.e., CO and H2O, the latter is more difficult to
be activated due to its thermodynamic stability [4]. It has been re-
ported that Pt cannot activate water under WGS reaction condi-
tions [5]. Thus, in Pt-based WGS catalysts, a hydrophilic oxide
support is required to adsorb and activate water [4–9], while Pt
can adsorb and activate CO.

In the case of Pt/CeO2 catalysts, two main different reaction
pathways have been proposed in literature [6,10]: (i) the associa-
tive [11–14] and (ii) the regenerative red–ox mechanism
[5,7,15,16]. In the associative mechanism [11–14], terminal hydro-
xyl groups of the support react with CO on Pt to form surface for-
mate intermediate (reaction (2)). The decomposition of the
formate species is suggested to be facilitated by the presence of
water and is proposed to be rate determining (reaction (3)). No
oxygen is removed from the surface during the catalytic cycle,
and the oxide does not undergo any red–ox changes during the
WGS reaction sequence, since water activation occurs on the
formed formate intermediates.

Pt� COþ OHsup þHsup ! Pt� ½COOH� � ssup þHsup ð2Þ

Pt� ½COOH� � ssup þHsup !
þH2O

CO2ðgÞ þH2ðgÞ þ OHsup þHsup þ Pt
ð3Þ

http://dx.doi.org/10.1016/j.jcat.2011.07.009
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In the regenerative red–ox mechanism [5,7,15,16], CO is adsorbed
on the metal particles and reacts at the metal-gas-support three-
phase boundaries (tpb) with the oxygen from the support, forming
CO2 and creating a surface oxygen vacancy, VO (reaction (4)). The
support is then re-oxidized by H2O forming H2 (reaction (5)).

Pt� COþ Osup ! CO2ðgÞ þ Ptþ VO ð4Þ

VO þH2O! Osup þH2ðgÞ ð5Þ

Recently, an ‘‘associative formate with red–ox regeneration’’ hy-
dride mechanism has been proposed for the case of Pt/ZrO2

[17,18]. In this mechanism, hydroxyl groups on the zirconia surface
react with CO to form intermediate formate. The latter can decom-
pose to H2 and CO2, leaving oxygen vacancies that are filled by hy-
droxyl groups (reactions (6) and (7)), causing red–ox changes to the
support during the WGS reaction sequence.

Pt� COþ OHsup ! Pt� ½COOH� � ssup !
Hsup

CO2ðgÞ þH2ðgÞ
þ Ptþ VO ð6Þ

VO þH2O! Hsup þ OHsup ð7Þ

The exact role of Pt is still under discussion. Most groups [4–9,17]
propose that CO is adsorbed on Pt and reacts at the Pt-gas-support
tpb. However, Korhonen et al. [19] and Graf et al. [18] have recently
demonstrated that Pt is not necessary for the formation of the for-
mate intermediate, but for its afterward decomposition to CO2 and
H2, which is on the other hand, the rate determining step of the
associative mechanism.

The chemical promotion of the WGS catalysts by alkalis has
been investigated in several studies [20–24]. A parallel approach
to the classical chemical promotion is the use of electrochemical
promotion of catalysis (EPOC or non-faradaic electrochemical
modification of catalytic activity, NEMCA effect) to electrochemi-
cally promote metal catalyst electrodes deposited over solid elec-
trolyte supports, e.g., YSZ, TiO2 or CeO2. Such an electrode can
also be used as an electrochemical sensor. The idea of using a metal
electrode simultaneously as a catalyst to measure potentiometri-
cally the electrochemical potential, or thermodynamic activity, of
oxygen on metal catalysts, and thus to study catalytic mechanisms,
was originally proposed by Wagner [25] and led to the technique of
solid electrolyte potentiometry (SEP).

The phenomenon of electrochemical promotion of catalysis has
been extensively investigated in the last 30 years for more than 70
catalytic reaction systems [26,27]. 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 electro-
chemically promoted by applying a current or overpotential be-
tween the catalyst film and a counter or reference electrode,
respectively. The cell overpotential is defined as:

g ¼ U � Uoc ð8Þ

where U is the applied potential difference and Uoc the open-circuit
potential difference.

Numerous surface science and electrochemical techniques have
shown that EPOC is due to electrochemically controlled migration
(reverse spillover or backspillover) of promoting ionic species (O2�

in the case of YSZ, TiO2 and CeO2, Na+ or K+ in the case of b00-Al2O3,
protons in the case of Nafion, CZI (CaZr0.9In0.1O3-a) and BCN18 (Ba3-

Ca1.18Nb1.82O9-a), etc.) between the ionic or mixed ionic–electronic
conductor-support and the gas exposed catalyst surface, through
the catalyst-gas-electrolyte tpb. These backspillover species,
accompanied by their compensating (screening) charge d+ in the
metal, create an overall neutral effective double layer, modifying
the catalyst work function and thus affecting its chemisorption
properties and catalytic activity and selectivity [26–28].
When using YSZ as the solid electrolyte, the promoting ionic
species (Od� � d+) are generated in an electrochemical step at the
tpb (Eq. (9a)) which then spread, due the strong repulsive di-
pole–dipole interactions, over the entire metal–gas interface estab-
lishing there the neutral effective double layer,

O2�ðYSZÞ ! ½Od� � dþ�Ptþ 2e� ð9aÞ

at a rate I/2F, where I is the current and F the Faraday’s constant.
In EPOC studies under reducing conditions, as is the present

case, it is likely that the promoting anionic species is a hydroxyl
groups formed via:

O2�ðYSZÞ þ ð1=2ÞH2 ! ½OHd� � dþ� þ 2e� ð9bÞ

It must be clarified that the spillover species (commonly denoted
Od� � d+ in the EPOC literature) is overall neutral as the anionic oxy-
gen species Od� is accompanied by the image charge d+ in the metal.
Consequently, the difference between the spillover Od� � d+ species,
which exists only at high coverages, and normally adsorbed oxygen
is only in the dipole moment (�2 vs. �1 Debye) and not in the total
charge which is zero in both cases [26].

Three parameters are commonly used to quantify the magni-
tude of EPOC effect, the rate enhancement ratio, q, defined from
[26]:

q ¼ r=ro ð10Þ

where r is the electropromoted catalytic rate and ro the open-cir-
cuit, i.e., unpromoted catalytic rate, the effective rate enhancement
ratio, qc, defined from [26]:

qc ¼ q=qmax ð11Þ

where qmax expresses the maximum allowable q value due to com-
plete or, more generally, equilibrium conversion and the apparent
faradaic efficiency, K, defined from [26]:

K ¼ ðr � roÞ=ðI=nFÞ ð12Þ

where n is the charge of the ionic species (n = 2 for YSZ) and F the
Faraday’s constant. A reaction exhibits electrochemical promotion
when |K| > 1, while electrocatalysis is limited to |K| 6 1.

In a previous study on the electrochemical promotion of the
water–gas shift reaction utilizing a Pd catalyst electrode deposited
over a proton-conducting ceramic support (strontia–zirconia–
yttria perovskite of the form SrZr0.95Y0.05O3-a), it was found that
H+ pumping upon positive polarization could lead to rate enhance-
ment, i.e., q = 2 and K = 8 at temperatures from 600 �C to 750 �C
[29].

In the present study, the effect of electrochemical promotion of
catalysis was investigated for the first time in the water–gas shift
(WGS) reaction over a porous Pt catalyst electrode interfaced with
YSZ at temperatures from 300 �C to 400 �C and PH2O=PCO ratio val-
ues from 2.85 to 31.

2. Experimental

2.1. Sample preparation

The solid electrolyte was a closed-end tube of 8 mol% Y2O3-
stabilized ZrO2 (YSZ) of 13 mm outer diameter and 2 mm thick-
ness. A platinum electrode serving as the counter and/or reference
electrode was deposited on the inner side of the tube by applying a
thin coating of Pt organometallic paste (Engelhard-Clal 6926),
followed by calcination in air for 12 h at 800 �C. Pt was selected
for the counter electrode due to its well known good performance
in O2 dissociation and electrochemical reduction.

A similar Pt catalyst electrode was deposited on the outer side
of the tube, opposite to the counter electrode serving as the
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working electrode. The resulting metal loading was 0.83 mg Pt/
cm2, while the geometrical area of the electrode was �3 cm2. The
catalytically active surface area, NG, as measured by isothermal
chemical titration with O2 adsorption, was �1 lmol Pt [26]. The
latter implies for a very small metal dispersion (<1%). The surface
morphology of the solid electrolyte support and of the Pt catalyst
film was examined via scanning electron microscopy (SEM).
Fig. 1 presents a SEM micrograph of the Pt working-catalyst elec-
trode surface. The morphology of Pt layer is homogeneous with
significant porosity.
Fig. 2. Schematic of the fuel cell type electrochemical reactor.
2.2. Catalytic activity measurements

Reactants and products analysis was performed by online gas
chromatography (Varian CP2003, equipped with two TC detectors
and a molecular sieve and Porapaq Q columns, for the CO, CO2

and H2 analysis), and IR online analyzers (EMERSON NGA2000
for the CO and CO2 analysis). Reactants were certified standards
of CO in He, which could be further diluted in He. H2O vapor was
introduced using an atmospheric pressure thermostated quartz
saturator at temperatures from 5 �C to 25 �C, which allowed for va-
por pressure variation between 0.8 kPa and 3.1 kPa. The atmo-
spheric pressure fuel cell type (or double chamber) quartz
reactor is shown in Fig. 2. It had a volume of �10 cm3 and has been
previously described in detail [30]. As shown in Fig. 2, in this reac-
tor type only the working-catalyst electrode is exposed to the reac-
tion mixture (CO, H2O and He), while the counter electrode is
constantly exposed to ambient air. In this type of reactor, the work-
ing electrode is responsible for the observed catalytic activity,
while it can be also used as an electrochemical solid-state sensor.
Temperature was measured by a K-type thermocouple placed in
the outer side of the quartz tube in the proximity of the working
electrode. A second thermocouple placed in the inner side of the
bottom of the YSZ tube (exposed in air) revealed a negligible
(�3 �C) temperature difference. The gas flow and mixture compo-
sition were regulated by four mass flow controllers (Brooks). The
total gas flowrate was 120 cm3 (STP) min�1, which corresponds
Fig. 1. SEM micrographs of the Pt catalyst electrode over the YSZ solid electrolyte
support.
to 5 s residence time and 1500 h�1 HSV (hourly space velocity)
based on the reactor volume or 1300 h�1 WHSV (weight hourly
space velocity) based on the catalyst mass (�2.5 mg). These values
are comparable to the space velocities in commercial reactors un-
der similar PH2O=PCO ratio value and operation conditions. Constant
currents or potentials were applied using a VoltaLab (PGP201)
galvanostat–potentiostat.
3. Results and discussion

Fig. 3 shows the transient effect of constant applied negative
and positive overpotential on the CO2 formation catalytic rate,
the conversion of CO and the current at 350 �C under
PH2O=PCO ¼ 31. As shown in the figure, CO conversion was initially
42%, while negative overpotential application (g = �1.5 V) caused a
pronounced increase in the reaction rate, where CO conversion
reached 95%, i.e., 130% rate increase. The above value is near the
thermodynamic equilibrium conversion value (�97%) at 350 �C,
and thus, the effective rate enhancement ratio, qc, is 0.98. This
indicates that almost the maximum allowable q value was
achieved upon negative polarization. The apparent faradaic effi-
ciency, K, was �30, which shows the strong non-faradaicity and
the high energy efficiency of the process.

After current interruption, the catalytic rate slowly returns to its
initial value, indicating the reversibility of the phenomenon. Worth
to note is that the relaxation time needed for rate recovery is much
higher than the corresponding to reach the electropromoted state
upon negative potential application. This is indicative of the high
thickness of the Pt layer and the low operation temperature, which
inhibits the thermal migration of the Od� promoting species back



Fig. 3. Transient effect of a constant applied negative (g = �1.5 V) and positive (g = +2.5 V) overpotential on the CO2 formation catalytic rate, the conversion of CO and the
current. T = 350 �C.

Fig. 4. Steady-state effect of the H2O partial pressure, PH2 O, on the open-circuit
potential, Uoc, under constant volumetric gas flowrate and CO partial pressure, PCO.
T = 350 �C.
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to the catalyst surface to obtain its initial coverage. On the other
hand, positive potential application, i.e., O2� supply to the catalyst
surface, resulted in a decrease in the CO conversion from 42% to
35%, while K values were lower than unity.

The observed electrophilic type behavior, i.e., rate increase upon
negative polarization and rate decrease upon positive, indicates
strongly adsorbed electron donor species, i.e., CO on Pt surface un-
der open-circuit conditions. Under these conditions, there is a fi-
nite oxygen ion coverage on the Pt surface due to thermal
migration of ionic species from the oxide support to the catalyst
surface, which defines an open-circuit steady-state catalytic activ-
ity, by modifying the adsorbed species bond strength. Negative po-
tential application, i.e., O2� pumping from the catalyst surface,
causes a decrease in the catalyst work function and thus weaken-
ing of the Pt–CO bond strength in parallel with the stabilization of
the OH species (electron acceptor species) originating from water
dissociation in the vicinity of Pt particles [26,27,31]. Moreover,
negative potential application could also cause an increase in the
surface concentration of oxygen ion vacancies, by non-stoichiome-
tric oxygen removal at steady state, due to the lack of O2 in the gas
phase, more likely near the tpb. The latter could probably increase
the WGS reaction rate due to the enhanced H2O dissociation on
oxygen vacancies (reaction (6)) in agreement with the mechanism
proposed in the literature [5,7,15–18]. The enhanced H2O dissoci-
ation and stabilization of the OH species could also facilitate the
decomposition of formate intermediate species, which according
to the associative mechanism [11–14,23] is rate limiting. Worth
to note is that under negative polarization, the cathodic electro-
chemical semi-reaction taking place at the cathode, i.e., the cata-
lyst-working electrode, is:

H2Oþ 2e� ! 2Hþ O2� ð13Þ

On the other hand, positive potential application, i.e., O2� ions sup-
ply to the catalyst surface, causes an increase in Pt work function
and thus strengthening of the Pt–CO bond strength [26,27,31,32],
which poisons the catalytic reaction rate. In this case, K values were
found to be lower than unity. This can be explained on the basis of
small Od� lifetime on the CO-exposed Pt surface.

Furthermore, experiments using only CO in the feed revealed a
faradaic electrocatalytic oxidation of CO under positive polariza-
tion. Thus, under reaction conditions, a synergistic effect occurs be-
tween the electrocatalytic oxidation of CO and the strengthening of
the Pt–CO bond strength. The latter seems to be more significant
since a rate decrease is totally observed.
The observed electrophilic type behavior, i.e., rate increase by
catalyst work function decrease, is in agreement with Zhai et al.
[20], where the addition of K on Pt was found to result in Pt–OHx

species stabilization, which is suggested to be the active species
for the low-temperature water–gas shift reaction. Similar alkali
promotion has been reported by Pigos et al. [23] where Na addition
was found to facilitate the formate decomposition, i.e., weakening
of the C–H bond strength, which was assumed as the rate limiting.

Fig. 4 shows the effect of PH2O on the open-circuit potential
(OCP) under constant PCOð0:28 kPaÞ at 350 �C. Increase in PH2O re-
sulted in a shift of the OCP to less negative values, indicating
adsorption of electron acceptor species [25,26], i.e., hydroxyl
groups (OH � s) or atomic oxygen (O � s) species, formed by water
dissociation according to reactions (14) and (15), where s stands
for an active site either on Pt or on YSZ.

H2OðgÞ þ s! OH� sþ 1=2H2ðgÞ ð14Þ

H2OðgÞ þ s! O� sþH2ðgÞ ð15Þ

However, there is no evidence whether water activation occurs on
Pt or YSZ or both, since OCP can be affected by adsorption on either
metal particles or the support. Moreover, under open-circuit
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conditions, i.e., no current or potential application, the support is
possible to undergo some surface reduction by CO and form oxygen
vacancies necessary for water activation [17,18]. However, the pos-
sibility for reduction of the oxide support under polarization is
rather limited, since all the applied cell overpotential values were
kept lower than the YSZ reduction potential (�2.3 V) [26]. Worth
to note is the �100 mV change in OCP upon introduction of 3 kPa
H2O, which indicates strongly bonded CO on Pt.

The effect of the gas mixture on the OCP with respect to air at
350 �C is shown in Fig. 5. The addition of electron acceptor species,
i.e., H2O and/or O2 in the gas phase, caused an increase in OCP,
from �145 mV to �120 and �100 mV in the presence of 3.1%
H2O and 2% O2, respectively. It is worth noting that the OCP value
in the presence of O2 reflects the different PO2 values between the
working (2%) and reference/counter electrode (20%). On the other
hand, introduction of CO resulted in a dramatic decrease in the
OCP to �1020 mV and to �940 mV in the presence of the reaction
mixture (CO and H2O). Furthermore, under 2% O2/He where the
surface concentration of oxygen vacancies near the tpb can be as-
sumed negligible, introduction of H2O caused �20 mV increase in
the OCP. The latter is significantly smaller than the corresponding
Fig. 5. The effect of gas composition on the open-circuit potential value, Uoc.
T = 350 �C.

Fig. 6. Schematic of a possible electrochemical p
shift observed upon H2O introduction under CO feed (80 mV). This
difference would perhaps indicate that water adsorption and acti-
vation occur mainly on surface oxygen vacancies of the YSZ near
the Pt particles. However, the effect of water dissociation on the
Pt–CO bond strength and thus on the OCP has also to be consid-
ered. Another indication for water adsorption mainly on the YSZ
surface (possibly on oxygen ion vacancies originating by O2�

backspillover onto the Pt particles) rather than on Pt could also
be the higher NG value that was calculated by isothermal chemical
titration [26] with H2O adsorption (�20 lmol Pt) than that with O2

(�1 lmol Pt).
Fig. 6 presents a scheme of a possible electrochemical promo-

tion mechanism for the WGS reaction, based on the proposed in lit-
erature [17,18] ‘‘associative formate with red–ox regeneration’’
mechanism for the case of Pt/ZrO2. According to this mechanism,
hydroxyl groups on the zirconia surface react with CO, adsorbed
on Pt, to form intermediate formate. The latter decompose to H2

and CO2, leaving oxygen vacancies that are filled by hydroxyl
groups (reactions (6) and (7)). As mentioned before, surface oxygen
ion vacancies can be created due to O2� thermal migration and
backspillover onto the Pt surface, but also by partial reduction of
the oxide support in the presence of CO. As shown in the scheme,
negative polarization can lead to weakening of the Pt–CO bond
strength [26] but also to an increase in surface concentration of
oxygen vacancies near the tpb at steady state, which facilitates
the [OH] species adsorption. On the other hand, positive polariza-
tion (not shown here) causes an increase in the Pt–CO bond
strength, which poisons the catalytic activity and results in rate
decrease.

The steady-state effect of PCO on the conversion of CO and CO2

formation rate and turnover frequency (TOF) under open-circuit
and positive and negative polarization conditions at 350 �C under
constant gas flowrate is presented in Fig. 7a. Under open-circuit
conditions, a negative effect of PCO on the CO2 formation rate was
observed, where it decreased from 0.4 � 10�7 mol CO2 s�1 at
0.1 kPa CO to 0.3 � 10�7 mol CO2 s�1 at 0.37 kPa CO. This negative
effect indicates the strong adsorption bond strength of CO on Pt.
The latter agrees with the electrophilic type behavior that observed
in Fig. 3 [26,31]. Positive potential application (g = +2.5 V) resulted
in a rate decrease in the examined PCO range with a similar nega-
tive effect of PCO. On the contrary, negative potential application
(g = �1.5 V) caused a significant increase in the catalytic rate,
romotion mechanism for the WGS reaction.



Fig. 7a. Steady-state effect of the CO partial pressure, PCO, on the CO2 formation rate
and the conversion of CO, under constant volumetric gas flowrate and H2O partial
pressure, PH2 O: T ¼ 350 �C.
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where the negative effect of PCO on the reaction rate was more pro-
nounced than that under open-circuit conditions. The observed
maximum in the reaction rate under negative potential application
could be attributed to an optimal CO coverage over the catalyst.
Turnover frequency, TOF, values �0.03 s�1 were found under
open-circuit conditions, while negative potential application
caused a TOF increase up to 0.11 s�1. These values, which were cal-
culated using NG = 10�6 mol Pt, are close to those reported in liter-
ature and fall between 0.5 and 1 s�1 [9,21,33] at 350 �C depending
on the PH2O=PCO ratio.

The steady-state effect of PH2O on the conversion of CO and CO2

formation rate under open-circuit and positive and negative polar-
ization conditions is shown in Fig. 7b, at 350 �C under constant gas
Fig. 7b. Steady-state effect of the H2O partial pressure, PH2 O, on the CO2 formation rate
pressure, PCO. T = 350 �C.
flowrate. Under open-circuit conditions, a positive effect of PH2O on
the CO2 formation rate was observed, where the conversion of CO
increased from 19% at 0.8 kPa H2O to 29% at 3.1 kPa CO. The posi-
tive effect of PH2O on the rate indicates the weak adsorption bond
strength of electron acceptor species, i.e., hydroxyl groups. This re-
sult is in agreement with the electrophilic type behavior, which is
observed under strongly adsorbed electron donor species and
weakly adsorbed electron acceptor species [26,31]. A similar posi-
tive effect of PH2O was observed both under positive and negative
potential application (g = +2.5 V).

Fig. 8 shows the steady-state effect of PCO on the rate enhance-
ment ratio, q, and the apparent faradaic efficiency, K, values under
3:1 kPa PH2O: As shown, q and K values up to 3 and �50, respec-
tively, were obtained at low PCO values and under negative poten-
tial application, while the magnitude of EPOC effect decreased by
increase of PCO or decrease of the PH2O=PCO ratio. On the other hand,
smaller q values were obtained upon positive polarization, where
the effect was sub-faradaic, i.e., |K| < 1 [34,35].

Fig. 9 shows the steady-state effect of the applied potential (U)
and overpotential (g) on the rate enhancement ratio, q, and the
apparent faradaic efficiency, K, values at 3.1 kPa PH2O and
0.28 kPa PCO at 350 �C. As shown, a maximum q value was ob-
served at the optimum overpotential value g = �1.5 V, probably
due to an optimal catalyst work function value and thus an optimal
reactants’ coverage (more likely CO) of the catalyst electrode, in
agreement with Fig. 7a. Similar optimal applied potential values
have been reported in previous EPOC studies under positive polar-
ization and were attributed to site blocking effects by backspillover
Od� promoting ions on the positively polarized catalyst electrode
[34,35].

Arrhenius plots of the unpromoted and electropromoted reac-
tion rate of the WGS reaction are shown in Fig. 10. Negative poten-
tial application caused a pronounced increase in the apparent
activation energy, Ea, from 6 to 10.5 kcal mol�1, while positive
polarization led to a small decrease to 5 kcal mol�1. These values
are close to those reported for this reaction in literature, which fall
between 7.2 and 11 kcal mol�1 [6,16,36,37]. The observed increase
in Ea upon negative polarization and rate increase could be attrib-
uted either to a gradual change in the rate-limiting step under neg-
ative polarization conditions or to the fact that negative
polarization can be more effective at lower temperatures. The lat-
ter could be rationalized in the basis of weak CO adsorption on Pt
and the conversion of CO, under constant volumetric gas flowrate and CO partial



Fig. 8. Steady-state effect of CO partial pressure, PCO, on the apparent faradaic
efficiency, K, and the rate enhancement ratio, q, under both positive and negative
potential application. T = 350 �C.

Fig. 9. Steady-state effect of the applied overpotential on the rate enhancement
ratio, q, and the apparent faradaic efficiency, K, under PH2 O ¼ 3:1 kPa and
PCO = 0.28 kPa, T = 350 �C.

Fig. 10. Arrhenius plots under open-circuit (oc) state and negative (�1.5 V) and
positive (+2.5 V) overpotential application conditions. Inset: effect of overpotential
on the apparent activation energy, Ea.

Fig. 11a. Steady-state effect of the CO partial pressure, PCO, on the kinetic CO2

formation rate under constant H2O partial pressure, PH2 O. (‘/2d) cosx = 1, FT = 100–
600 cm3 min�1, T = 350 �C.
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at high temperatures and thus smaller effect of Od� pumping under
negative polarization.

A linear dependence of the apparent activation energy on the
catalyst work function, DU, has been observed and reported also
in previous EPOC studies [26] and conforms to the equation
[9,21,33]:

Ea ¼ Eoc
a þ aHDU ð16Þ

where Eoc
a is the apparent activation energy in the unpromoted state

(6 kcal mol�1) and aH is a constant, which is usually negative. In this
case, aH was calculated ��1.3.
Eq. (16) can also be written in the form:

Ea ¼ Eoc
a þ aHeDU ð17Þ

since the work function change, DU, is related to the change in cat-
alyst potential, DU, via [26,27]:

DU ¼ eDU ð18Þ

where e is the electron charge.

3.1. Kinetic measurements

The effect of partial pressure of reactants (CO, H2O) on the ki-
netic rate of the WGS reaction was investigated at 350 �C.
Fig. 11a shows the dependence of the intrinsic reaction rate on
the partial pressure of CO, where H2O partial pressure was kept
constant at 3.1 kPa. The total gas flowrate kept high in order to ob-
tain differential conditions, i.e., less than 10% conversion. As
shown, the increase in CO partial pressure led to a slight decrease
in the WGS reaction rate under either open-circuit state or nega-
tive polarization conditions, similar to Fig. 7a. On the other hand,
one observes a positive effect of PH2O on the intrinsic rate under



Table 1
Effect of negative polarization on the parameters of the effective double-layer (EDL)
isotherm kinetic model.

Model parameters Open-circuit conditions Negative polarization
OCP = �0.94 V U = �2.44 V
g = 0 g = �1.5 V
P = �17.52 P = �46.56

kR 2 � 10�7 4.5 � 10�7

kA 3 10
kD 1000 500
kA �0.12 �0.0008
kD 0.001 0.0001

k0
R

1.2 � 10�7
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both open-circuit state and negative potential application condi-
tions (Fig. 11b). The reaction rate order value with respect to CO
partial pressure PCO, reported in literature of Pt-based catalysts,
varies between �1 and 1, while positive (near 1) is the order with
respect to PH2O [8,29,36,38–40].

The effective double-layer (EDL) isotherm Eq. (18), as has been
developed by Brosda and Vayenas [41] for adsorption in the pres-
ence of the ‘‘effective double layer’’, has been used to fit the exper-
imental intrinsic rate data shown in Figs. 11a and 11b, using
FORTRAN programming environment. The points shown in the fig-
ures correspond to the experimental data, while the solid curve to
the theoretically predicted rate according to the EDL model, i.e.:

hj=ð1� hjÞ ¼ kjPj expð�kjPÞ ð19Þ

where hj is the coverage of the adsorbed j, kj is the adsorption coef-
ficient which quantifies the chemisorptive bond strength of j at the
potential of zero charge of the double layer, Pj is the partial pressure
of j in the gas phase, kj is the partial charge transfer parameter of the
adsorbed j which is directly related to the dipole moment of the ad-
sorbed j (k > 0 for the electron donor species and k < 0 for the elec-
tron acceptor species), and P is the dimensionless potential defined
by Eq. (20a) [41].

P ¼ DU
‘

2d
cos x

� �
=kbT ð20aÞ

where ‘ is the distance between the centers of the positive and neg-
ative charges in the adsorbed dipole, d is the thickness of the homo-
geneous double layer, DU (=U �U0) is the work function difference
between that of the actual surface and that of the surface at its po-
tential of zero charge [26,31,41–43], where the field strength in the
double layer vanishes and U = U0, x is the angle formed between
the adsorbate dipole and the field, which is vertical to the catalyst
electrode, and kb the Boltzmann’s constant. In this analysis, we as-
sume adsorption in the direction of the field, thus x = 0o and also
that ‘ � 2d. Hence, Eq. (20a) can also be written, using Eq. (18), in
the form:

P � eDU=kbT ð20bÞ

This model, which can be viewed as an extension of Langmuir–
Hinshelwood–Hougen–Watson kinetics, is based on electrochemical
Fig. 11b. Steady-state effect of the H2O partial pressure, PH2 O, on the intrinsic CO2

formation rate under constant CO partial pressure, PH2 O. ð‘=2dÞ cos x ¼ 1,
FT ¼ 100—600 cm3 min�1, T ¼ 350 �C.
Langmuir-type adsorption isotherms that are mathematically similar
to Frumkin isotherms [41] and can account explicitly for the attrac-
tive or repulsive electrostatic interactions between the adsorbates
and the ‘‘effective double layer’’ present at the catalyst–gas interface
[41]. Here, we make the assumption for competitive adsorption of
H2O and CO on the same active sites.

Using Eq. (19), the catalytic rate can be expressed as:

r ¼ kRhAhD ¼ kR
kAkDPAPD exp½ðkA þ kDÞP�

½1þ kAPA expðkAPÞ þ kDPD expðkDPÞ�2
ð21Þ

where kR is the surface reaction rate constant which can in general
be expressed by:

kR ¼ ko
R exp

aF
RT

U
� �

ð22Þ

where k0
R is the rate constant at zero potential conditions (U = 0 V)

and a the transfer coefficient, which is related to kA and kD.
Table 1 summarizes the values of the parameters of the model

(kR, kA, kD, kA, kD and k0
R) in open-circuit state and under negative

and positive polarization conditions at 350 �C. No results under po-
sitive potential application are presented here since the effect was
faradaic and no EPOC was observed. As shown, the surface reaction
rate constant, kR, increases by potential decrease (negative polari-
zation) in agreement with Eq. (22), since a < 0 for electrophilic type
behavior. Worth noting is the almost three orders of magnitude
difference between kA and kD, which indicates the strong CO
adsorption bond strength on Pt. Moreover, an increase in kA and
an even more pronounced decrease in kD were observed by nega-
tive polarization, indicating the weakening of the electron donor
species, i.e., CO, bond strength on the catalyst surface and the
strengthening of the electron acceptor species, i.e., OH, by negative
potential application. This agrees with the observed electrophilic
type behavior.

4. Conclusions

The effect of electrochemical promotion of catalysis on the
water–gas shift reaction was investigated over porous Pt catalyst
electrodes interfaced with YSZ, in a fuel cell type electrochemical
reactor at temperatures from 300 �C to 400 �C, under PH2O=PCO ratio
values from 2.85 to 31. A negative-order dependence of the cata-
lytic reaction rate on PCO and a positive on PH2O was found under
open-circuit and under polarization conditions.

Positive overpotential application ðg ¼ þ2:5 VÞ, i.e., O2� supply
to the catalyst surface, causes a small decrease in the catalytic
reaction rate, while negative potential application (g = �1.5 V) re-
sults in a pronounced rate increase, up to 200%, with apparent far-
adaic efficiency values up to 110 (under g = �0.5 V). The observed
rate increase upon negative polarization can be mainly attributed
to the weakening of the Pt–CO bond strength but also, to the
increase in surface concentration of oxygen ion vacancies, by
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removing non-stoichiometric oxygen from YSZ, near the Pt-gas-
support three-phase boundaries that are necessary for water
dissociation.
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