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Electrochemical Promotion of Catalysis

Gyorgy Fati, lvan Bolzonella, Justyna Eaves, and Christos Comninellis*

Abstract: Recent progress made in our laboratory in the field of electrochemical promotion of heterogeneous
catalytic gas reactions is presented. The phenomenon consists of non-Faradaic modification of the catalytic
reaction rate as the result of electrochemical polarization of the interface between the catalyst and the solid
electrolyte support. Two main aspects are addressed, the description of the phenomenon and the develop-
ment of bipolar cell configurations suitable for practical applications. It is shown that the necessary condition
to achieve electrochemical promotion is the formation of a double layer at the catalyst/gas interface by
mechanism of ion backspillover from the solid electrolyte support. Electrochemical promotion is only feasible
in an adequate temperature range, limited by the mobility and the lifetime of the promoting ion, and it is favored
by high porosity and low film thickness of the catalyst. On the application side, two new cell designs have been
developed, a ring-shaped and a multiple-channel configuration, both operated in bipolar polarization mode.
The ring-shaped cell is shown to be almost free of current bypass. Feasibility of electrochemical promotion is
successfully demonstrated with both configurations. Realization of efficient bipolar cell configurations for
electrochemical promotion is very promising in view of future applications in dispersed catalytic systems.

Keywords: Bipolar electrochemical cell - Catalysis - Current bypass - Electrochemical promotion -
Gas-phase reactions

1. Introduction The catalyst, which is an electrorble rate enhancement due to electrochem-
conductor, is deposited in form of dcal oxidation of ethylene. It is evident
Electrochemical promotion (EP) meangorous thin film on a solid electrolytethat electrochemical promotion is clearly
the electrically controlled modification ofsupport, which is an ion conductor ahot a Faradaic electrochemical reaction.
heterogeneous catalytic activity and/dthe temperature of the catalytic reactiorThis statement is further confirmed by
selectivity. Discovered some fifteen yeardpplication of an electric potential onthe experimental fact that even a chemi-
ago [1], the phenomenon has mainly beehe catalyst/support interface or, which isal reduction €.g.reduction of NO with
investigated in gas-phase reactions oveguivalent, passing an electric current b@ropylene over Rh/YSZ catalyst, see lat-
metal and metal oxide catalysts [2][3]tween catalyst and support causes a car) may be promoted by application of
comitant change also in the properties @nodic {.e. electrochemically oxidizing)
the adjacent catalyst/gas interface, wheoairrent. Note that Fig. 1 illustrates the
the catalytic reaction takes place. This reieneral case when the steady-state open-
sults in an alteration of the catalytic activeircuit reaction rate after current interrup-
ity controllable with the applied potentialtion, r’, is significantly higher than its in-
or current. itial value before current application,
Typical catalytic reaction rate tran-This irreversibility, first reported from
sients due to electrochemical promotioour laboratory [4] and called permanent
are shown in Fig. 1. The example is thpromotion, is attributed to current-assist-
combustion of ethylene with oxygen aed chemical modification of the catalyst
375 °C over RuQ@ catalyst interfaced surface.
with yttria-stabilized zirconia (YSZ) sol-  The experimental set-up used for ki-
id electrolyte, which is an®© conductor netic measurements is described in detail
at this temperature. Application of arelsewhere [5]. The most important part is
anodic current in this system means théte electrochemical cell placed in a tem-
the solid electrolyte supplies?Oions to perature-controlled reactor fed with the
the RuQ/YSZ interface and the catalysteactive gas mixture. The simplest elec-
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Fig. 1. Electrochemical promotion of ethylene
combustion over RuO,/YSZ catalyst. Sche-
matic representation of evolution of the reac-
tion rate due to anodic current application of
10 pA during 70 min. Maximal electrochemical
rate increase from Faraday’s law: //2F =
52 pmol O s™'. Experimental conditions: atmos-
pheric reactor, pc,, =100 Pa, po, =12 kPa,
Y =175mImin~'STP, T = 380 °C.

the phenomenon, the catalyst itself is lggst in a suitable electrochemical cell.
feeder electrode hence it must be directljwo generations of advanced bipolar cell
connectedd.g with a fine gold wire) to configurations, a ring-shaped and a mul-
the potentiostat. Such a configuration isple-channel cell, illustrated together
obviously inadequate for practical appliwith a tubular reactor assembly in Fig. 2,
cations with dispersed catalysts. The onlyave been developed in our laboratory
viable way to achieve electrochemicalising YSZ solid electrolyte; see section 3
promotion in dispersed systems impliefr details. These bipolar cells may be re-
indirect bipolar polarization of the cata-garded as the first successful steps to-
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Fig. 2. Left: tubular reactor assembly and
furnace used with bipolar cell configurations.
1: Pyrex tube (@ = 25/18 mm, length: 400 mm,
volume: 150 ml); 2: electro-chemical cell. Right:
bipolar electrochemical cells. a: ring-shaped
cell configuration; b: multiple-channel cell con-
figuration.
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wards achievement of electrochemical along, or near, the tpb in electrochemical
promotion with highly dispersed cata- O,+2D < 20 - D (1a) reactions (oxygen evolution and/or oxi-
lysts. A+O-D-D+0O-A (1b) dation of adsorbed reactants) obviously
In this short paper, first a brief phe-O-A+B - C (1c) obeying to Faraday’s law, or they may
nomenological description of electro-R+C - P+B (1d) spill over the gas-exposed catalyst sur-
chemical promotion will be given with face. The driving force of this migration

special emphasis on its functional analo- Eqn. la describes the dissociative ais the difference in the electrochemical
gy with classical promotion of catalysissorption and recombination of oxygen opotential of G- ions between catalyst
then results from our laboratory on th@ donor D. The transfer between the dand solid electrolyte due to polarization
development of new bipolar cell configunor D and acceptor A is given by Eqn. 1kof the catalyst [9]. The existence of back-
rations in view of future industrial appli-The spillover oxygen (O) is a mobile spespillover oxygen ions at the gas-exposed
cations will be presented. cies present on the acceptor surface withatalyst surface was demonstrated by
out being associated with a particular suxPS measurements [10]. No charged ox-
face site. These mobile spillover speciggyen species were detected under open-
2. The Phenomenon of may then interact with a, catalytically in-circuit conditions but they were found in
Electrochemical Promotion active, surface site B (Egn. 1c) forming abundance after anodic polarization of
new site C which may be active. Egn. 1the catalyst/solid electrolyte interface.

In any electrochemical cell suitableepresents the catalytic reaction at the aCharged backspillover oxygen and neu-
for EP experiments several interfacetive site C consuming a reactant R antal chemisorbed oxygen may be clearly
may be identified, such as electrode/eletarming a product P. Kinetic modelsdistinguished also by temperature-pro-
trolyte interfaces, electrode/gas interfadsased on this mechanism are well sugrammed desorption (TPD) [11]. It was
es, and three-phase boundaries (tpb). Dperted by experiments [7]. shown that the oxygen adsorbed from the
to the different mechanism of electric The most plausible model of electrogas phase desorbs at lower temperature,
conductivity in electrodes and electroehemical promotion, illustrated in Fig.hence it is more reactive than the electro-
lyte, polarization of the catalyst by cur-3b, is based on analogous donor—acceghemically generated oxygen specimen.
rent application involves charge transfetor interactions [2][3][8]. Consider the During migration over the gas-ex-
reactions and a consequent charge segxample of anodic polarization of the catposed catalyst surface, the oxygen ions
ration, all localized, at a first glance, aalyst. In this case, the donor is the solidre accompanied by their compensating
the electrode/electrolyte interfaces andlectrolyte, supplying & ions toward image charge in the catalyst, thus form-
or at the three-phase boundaries. The rne catalyst (acceptor). (This migrationng surface dipoles. Population of the sur-
sulting promotion of catalytic activity re-from support to catalyst may be callelace with dipoles,.e. formation of an
veals, however, modification also of anbackspilloverin order to distinguish it electric double layer, increases the sur-
other interface, namely the gas-exposdtbm the migration in opposite directionface potential hence also the catalyst
catalyst surface where the heterogeneousual in catalysis and termegillover) work function, which is a measurable
gas reactions occur. In fact, the key tdhe G- ions are released from the solidjuantity. In fact, work function measure-
understanding electrochemical promcelectrolyte at the three-phase boundariesents, performed also in our laboratory
tion is to elucidate the mechanism of ho\tpb). They may either be consume{il2], are a useful tool to investigate the
the effect of polarization propagates from
one interface to the other.

It is believed that electrochemica
promotion of catalysis, similar to usual
(chemical) promotion and to metal-sup-
port interactions in heterogeneous catal
sis, is related to spillover—backspillove
phenomena. This latter can be described
as the migration of adsorbed species fro
one phase on which they easily adsorb
(donor) to another phase where they may
not adsorb directly (acceptor). By thi
mechanism a seemingly inert material
can acquire catalytic activity. A gener
reaction scheme of oxygen spillover in a Peche  produch
purely (not electro-) catalytic system [6 e, 03
may be formulated as follows, see also :
Fig. 3a. Lo

o 0y

il b
Fig.3.a: Schematic representation of the mech- T o* Vi 'J:T E{;.
anism of oxygen spillover in a purely catalytic
system; symbols as in Egns 1. b: Schematic A Ll e ine ih £
representation of the mechanism of electro- r 1
chemical promotion under anodic current appli-
cation via backspillover of charged promoting
species (0%).
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phenomenon of EP. Any change in workonfigurations were of cylindrical shapeedge of the steady-state polarization (cur-
function affects the binding strength ofvith two gold feeder electrodes on theent—voltage) curves in three different
chemisorbed reactants. Namely, the adutside jacket of the YSZ cylinder andolarization modes, shown in Fig. 4: di-
sorption energy of electron acceptorwith a catalyst film insidei,e. on the in- rect cathodic (DC) polarization of the
(e.g.atomic O) is weakened, while that oher wall of the ring in the first case and oratalyst film relative to gold electrode 1,
electron donorse(g. C,H,) is strength- that of 37 parallel axial channels in thelirect anodic (DA) polarization of the
ened. Then, a consequent modification second case. The feasibility of EP wasatalyst film with respect to gold elec-
catalytic reaction rates is evident. Thisuccessfully demonstrated with both cortrode 2, and indirect bipolar (IB) polari-
picture of the electrochemical promotioriigurations [5]. In this paper, the ring-zation between the two terminal gold
is well supported bin situcyclic voltam- shaped configuration allowing more adelectrodes, gold 1 being the anode and
etry [13] and by the transient behavior ofanced electrochemical characterizatiogold 2 the cathode. The method is based
the promoted reaction rate [14]. of the cell is presented in detail. on the additivity of the potential at a giv-
In summary, electrochemical promo- The example is a ring-shaped Rhén currentin the linear (ohmic) region, so
tion may be regarded as catalysis at af5Z electrochemical cell prepared with &he current bypass is measured by the ex-
electric double layer controlled by curcylindrical YSZ ring (OD 20 mm, cess of the sum of cell voltages in the two
rent or potential application. The necedb 17 mm; height 10 mm). The rhodiummonopolar polarization modes over the
sary condition to achieve electrochemicaatalyst film (nominal loading: 1.1 g7 cell voltage in the bipolar polarization
promotion is the formation of a doubldilm thickness: ~0.Jum) and the gold mode. The fraction of current bypays,
layer at the catalyst/gas interface bglectrodes were deposited by thermal dat a given current is then calculated with
mechanism of ion backspillover from theeomposition of suitable precursors, as déhe following expression:
solid electrolyte support. This may occuscribed elsewhere [15]. The two symme*
over a wide range of conditions. Theical gold electrodes on the outer surfac y _ (VDC "‘VDA)_ i
most important experimental parametersyere separated from each other by tw = (]/_ 1/) _|_(y_ y) @)
which favour electrochemical promotionuncoated bands of 3 mm width. The pc 0/DC 0/DA
are the following: long tpb (porous catalarization of the catalyst film in usual bi-whereV are cell potentials measured at
lyst), moderate diffusion length (thin catpolar operation is realized using the twthe same current in the linear region, and
alyst film), and adequate temperaturgold films as feeder electrodes. For ad4, are overvoltages in the monopolar po-
range,e.g.250-500°C for YSZ (a tem- vanced characterization of the cell, &rization modes extrapolated to zero cur-
perature not too low to have enough mdhird electric connection may be addedent.
bility, and not too high to avoid high re-The latter, connected to the catalyst flm The steady-state polarization curves
activity of backspillover ions). itself, enables the performance of measf the cell exhibited an almost perfect ad-
urements also in direct (monopolar) poditivity [5], see the example at 378 in
larization modes. This finds use in deteiFig. 5. Consequently, very low current
3. Development of Bipolar mination of the current bypass, which ibypass was obtained calculating with
Electrochemical Cells an important parameter of a bipolar cellEqn. 2. It was found fairly independent of
A model developed for electrodethe current, but it rose slightly with tem-
Two types of bipolar electrochemicaktacks with liquid electrolytes [16] wasperature (from 2—4% at 35C to 5-6%
cell have been developed in our laboratadapted for the estimation of current byat 400°C). Being a necessary condition
ry, a ring-shaped and a multi-channgdass in the ring-shaped electrochemictd achieve efficient electrochemical pro-
configuration. As shown in Fig. 2, bothcell [17]. The method needs the knowlmotion in bipolar cells, realization of a

Fig. 4. Scheme of various modes of polariza-

Au(l) Au (2) Au(l) Au 2) Au(l) Au 2) tion using the ring-shaped electrochemical cell.
YSZ cat [SZ.
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Fig. 5. Current-potential curves of the ring- '
shaped Rh/YSZ cell at different polarization j
modes. O: direct cathodic (DC); A: direct anodic
(DA); &:DC + DA; ¢: indirect bipolar (IB). Vg
cell potential between the two feeder elec-
trodes. T = 375 °C.

I [mA]

nearly bypass-free bipolar configuratiot
is of great importance.

The feasibility of electrochemical
promotion with ring-shaped cells will be
illustrated with the example of the reduc
tion of NO by propylene in presence of
oxygen over rhodium catalyst. Metallic
rhodium is known to be an efficient cata
lyst for the reduction of NO [18][19].
The propylene—NO-oxygen system may
serve as a model for the removal of nitro-
gen oxides (N@Q and hydrocarbons
(HC) from auto exhaust gases aiming to
transform, under lean fuel conditions,
both the reducing pollutants (HC) and the
oxidizing pollutants (NQ) into harmless
products such as,NCO, and HO (Egn. 3):

=

thodically and the other half of it is anod-

18NO(q) + 2GH 9N +6C +6HO 3) ically polarized, gave rise to a promotion
(@) + 2GHe(0) 29) O(0) + 6H0() ®) twice as high as obtained in the direct po-
larization modes due to the nearly by-

18NO(g) + GHe(g) — 9IN2O(g) + 3CQ(g) + 3HO(9) (4) pass-free cell configuration.
The obtained promotion obviously
2GHe(g) + 904(g) — 6COxg) + 6HO(g) 5) depends on the applied potential and on

the polarizing current. Fig. 7 shows the
evolution of GHg and NO conversion
In competition with the desired reacseen that electrochemical promotion wasnder indirect bipolar (IB) polarization as
tion, two reactions may prevent efficiensuccessful in all polarization modes mula function of the cell potential/{) and
reduction of NQ: the partial reduction of tiplying the conversionX, of C;Hg and of the total currentlf fed by the two gold
NO producing NO (Eqn. 4) and con- NO (both about 10% under open-circuielectrodes. The minimum cell potential
sumption of HCvia direct oxidation in conditions) with a factor of 2-2.5 in DCrequired to induce significant electro-
the presence of excess, Qypical for and DA modes and with a factor of 3—4 ighemical promotion was 2-3V and the
exhaust gases from lean-burn enginel} mode. Interestingly, polarization inpromotion leveled off at 6-7 V (~1 mA)
(Egn. 5). both monopolar modes was efficient andhere the current-voltage curve of the
The aim is now to induce modifica-resulted in an almost identical promotiongell enters the region of purely ohmic be-
tion of the catalytic activity of rhodium inindependently of the sign of polarizationhavior, see Fig. 5.
this complex system by potential or curThis is a further argument to affirm that Achievement of a significant electro-
rent application. electrochemical promotion is not ahemical promotion effect in bipolar
The catalytic performance of the ringFaradaic effect. In fact, the reaction exsells is very promising in view of future
shaped Rh/YSZ electrode was tested hibits inverted volcano (minimum rate)applications of the phenomenon with dis-
375°C at varying feed compositionstype behavior [3] because the kinetics igersed catalysts.
and polarization potentials. Fig. 6 showpositive order in both the electron accep-
the results obtained with feed compostor (NO) and electron donor {8¢) reac-
tion of GHg (0.25 kPa)/NO (0.5 kPa)/O tants. In these experiments, not only thd Conclusions
(0.5 kPa). Polarization of the rhodiunfeasibility of EP with bipolar polarization
film was made by applying constant celvas demonstrated but also this mode of The results clearly demonstrate the
potentials: 5V in the direct polarizationpolarization was found to be the most efeasibility of electrochemical promotion
modes (DC and DA) and 10 V in the indificient. The indirect bipolar polarization,with bipolar electrochemical cells. In fu-
rect bipolar polarization mode (IB). It iswhen one half of the catalyst film is cature work, the development of dispersed
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Fig. 6. Steady-state conversion, X, of CsHg (left)
and NO (right)inthe ring-shaped Rh/YSZ cell at
open-circuit condition (OC) and at three differ-
ent potentiostatic polarization modes: direct
cathodic (DC; -5V), direct anodic (DA; +5V),
and indirect bipolar (IB; 10V). The correspond-
ing currentis also given. Feed composition and
temperature asindicated.y= 200 ml min-' STP.
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Fig. 7. Effect of the cell potential, Vg (left), and
of the total current, / (right), on the conversion,
X, of C3Hg and NO under indirect bipolar (IB)
polarization in the ring-shaped Rh/YSZ cell.
Feed composition, gas flow and temperature
as in Fig. 6.
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catalyst systems for electrochemical proT;7 c g va Vayenas, S. Bebelis, S.G. Neof13]

motion should become a major practical
goal. The actual progress, ranging from[2]
single-pellet cells to various bipolar con-
figurations either with a single bipolar el-
ement (ring-shaped cell) or with multiple
bipolar elements (multiple-channel cell), ]
may be extended to a dispersed system. E
possible way in this direction is the use of
porous solid electrolytes as support, the
catalyst being deposited in form of a dis-
continuous film in the pores of the sup-
port. Another possible way to achieve[4l
electrochemical promotion in dispersed[s]
systems consists of fabrication of micro-
structured cells. The application of thin
catalyst films interfaced with solid elec-
trolytes needs small reactor volumes,6]
hence needs also the development of suit-
able microreactors. In both cases, higH’]
cell potentials are expected and carefulg]
optimisation is required in order to avoid
excessive current bypass.
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