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Abstract The electrochemical promotion of Pt/YSZ and

Pt/TiO2/YSZ catalyst-electrodes has been investigated for

the model reaction of C2H4 oxidation in an atmospheric

pressure single chamber reactor, under oxygen excess

between 280 and 375 �C. It has been found that the pres-

ence of a dispersed TiO2 thin layer between the catalyst

electrode and the solid electrolyte (YSZ), results in a sig-

nificant increase of the magnitude of the electrochemical

promotion of catalysis (EPOC) effect. The rate enhance-

ment ratio upon current application and the faradaic effi-

ciency values, were found to be a factor of 2.5 and 4

respectively, higher than those in absence of TiO2. This

significantly enhanced EPOC effect via the addition of

TiO2 suggests that the presence of the porous TiO2 layer

enhances the transport of promoting O2- species onto the

Pt catalyst surface. This enhancement may be partly due to

morphological factors, such as increased Pt dispersion and

three-phase-boundary length in presence of the TiO2 por-

ous layer, but appears to be mainly caused by the mixed

ionic-electronic conductivity of the TiO2 layer which

results to enhanced O2- transport to the Pt surface via

a self-driven electrochemical promotion O2- transport

mechanism.

Keywords TiO2 interlayer � EPOC � NEMCA effect �
Sputtered Pt electrodes � C2H4 oxidation

1 Introduction

Titania is an important support material both from a

practical and a fundamental point of view and has been

studied extensively in the context of metal-support inter-

actions (MSI) and in particular that of strong metal-support

interactions (SMSI) [1–10]. The origin of the classical

SMSI effect has been shown to be metal decoration by

TiOx moieties [2–5]. In addition titania is a very significant

material in sensor technology [11] due to its semiconduc-

tivity type dependence on oxygen concentration and the

marked variation in its electronic conductivity with oxygen

chemical potential. Also, titania has been extensively

studied in photocatalysis for photocatalytic purifiers

[12, 13] and photochemical solar cells [14, 15].

A variety of techniques are used for the preparation of

titania thin films, such as sol–gel processes [16], chemical

vapour deposition [17, 18] and evaporation [19]. However,

the technique of sputtering is more widely used in indus-

trial processes, since high-density homogenous films can

be prepared at low temperatures.

The electrochemical promotion of catalysis (EPOC) or

non-Faradaic electrochemical modification of catalytic

activity (NEMCA) is a phenomenon where the application

of a small current or potential between a catalyst-electrode

which is in contact with a solid electrolyte support and a

counter electrode causes significant changes in the catalytic

activity and selectivity of the catalytic reaction. The EPOC

effect has been investigated extensively for more than sev-

enty catalytic systems using a variety of catalytic reactions

and metal or metal oxide catalysts [20, 21]. It has been found

using numerous electrochemical and surface science tech-

niques [20, 21] that EPOC originates from the electro-

chemically controlled backspillover of ionic promoting

species (O2- in case of YSZ and TiO2) which migrate from
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the electrolyte support to the metal/gas interface during

polarization [20, 21]. Two parameters are commonly used to

quantify the magnitude of the EPOC effect:

1. the rate enhancement ratio, q, defined from:

q ¼ r=ro ð1Þ

where r is the electropromoted catalytic rate and ro the

normal, open-circuit catalytic rate.

2. the apparent faradaic efficiency, K, defined from:

K ¼ ðr� roÞ=ðI=nFÞ ð2Þ

where I is the applied current, F the Faraday’s constant and

n is the charge of the ionic species (n = 2 for O2-), thus

I/nF equals the rate of ionic species supplied to the catalyst.

A reaction exhibits electrochemical promotion when

|K| [ 1, while electrocatalysis is limited to |K| B 1. Typical

|K| values from 10 to 105 have been recorded depending on

the reaction, the catalyst material and morphology, the type

of solid electrolyte support and the operating temperature

[20–33]. A reaction is termed electrophobic when K [ 1 and

electrophilic when K\ -1. In the former case the rate

increases with increasing catalyst potential, U, while in the

latter case the rate decreases with increasing catalyst potential.

Titania, without any YSZ support, has already been

used under oxidizing conditions as a mixed electronic-

ionic (O2-) support to reversibly enhance the catalytic

activity of Pt for the C2H4 oxidation reaction, where a

20-fold increase of the rate was recorded with apparent

faradaic efficiency reaching 2000 [9]. The use of titania as

a dispersed thin interlayer between Rh catalyst electrodes

and a solid electrolyte (YSZ) support, was first pioneered

by Baranova, Foti and Comninellis for the case of Rh

catalyst-electrodes [34–36]. These and subsequent studies

[37, 38] showed that the presence of the porous TiO2

layer enhances the open-circuit catalytic rate for CH4 and

C2H4 oxidation on Rh and also stabilizes the electro-

chemically promoted highly active Rh catalyst state. This

pronounced effect was attributed to a self-driven wireless-

EPOC mechanism, where O2- promoting species are

supplied from TiO2 to Rh particles due to TiO2-Rh work

function difference and the subsequent charge transfer

from TiO2 to Rh via a self driven EPOC O2- transport

mechanism [34–36]. More recently it was found that the

presence of a thin TiO2 layer deposited on YSZ also

enhances the electropromotion of CO2 hydrogenation over

Cu/TiO2/YSZ catalyst electrodes under reducing condi-

tions [39]. In this case the enhanced electropromotion was

attributed to the electronic conductivity of the TiO2 layer

which decreases the in-plane resistance of the porous Cu

catalyst-electrode [39].

In the present study, the effect of TiO2 interlayer was

examined on the catalytic activity and EPOC behavior of

C2H4 oxidation on Pt by comparing a Pt/YSZ catalyst elec-

trode and a Pt/TiO2/YSZ catalyst electrode under similar

operating conditions in excess O2.

2 Experimental

2.1 Sample preparation

The solid electrolyte was a disk of 8 mol% Y2O3-stabilized

ZrO2 (YSZ) of 18 mm diameter and 2 mm thickness. Gold

counter and reference electrodes were deposited on one

side of the disk by applying thin coatings of Engelhard

8300 Au paste, followed by calcination in air for 90 min at

400 �C and for 30 min at 650 �C. The Pt catalyst film was

deposited on the other side of the disk, opposite to the

counter electrode, serving also as the working electrode.

Two types of catalyst-electrodes were prepared: Pt/YSZ

and Pt/TiO2/YSZ. The Pt and TiO2 thin films were pre-

pared using a magnetron sputtering system. High purity

argon and oxygen have been used as sputtering and reac-

tive gas, respectively. The discharge characteristics have

been controlled using a variable DC power supply (1 kV

and 2 A). Pure Ti (99.95%) and Pt (99.95%) have been

used as sputtering targets.

For the preparation of the Pt/TiO2/YSZ catalyst-electrode,

initially a thin (90 nm) TiO2 film was sputter-deposited on the

area of the working electrode on the YSZ disk, with 600 W

target power, which enables 0.5 nm min-1 deposition rate (of

TiO2) and leads to a 90 nm film thickness after 180 min of

deposition. The substrate temperature was kept stable during

the deposition at 250 �C. Also, a post-deposition annealing of

the deposited TiO2 film was performed in air at 600 �C for

60 min.

The Pt films were sputter deposited over the YSZ disk for

the Pt/YSZ catalyst-electrode and over the above mentioned

TiO2 thin layer on the YSZ disk for the Pt/TiO2/YSZ catalyst

electrode. The target power was kept constant at 190 W,

which led to a 18 nm min-1 deposition rate and to a 30 nm

thick Pt film after 1.5 min in both samples. The substrate

temperature was kept stable at 50 �C. During all depositions

the substrates were placed 55 cm far from the target which

was found to result in good uniformity of the produced films.

2.2 Catalyst characterization

The surface characterization of the TiO2 sputtered films

was carried out using X-ray photoelectron spectroscopy

(XPS). The spectra of Ti 2p and O 1s are shown in Fig. 1a.

Correcting the energy scale using the C 1s peak at

284.6 eV as an intrinsic reference, the position of the Ti

2p3/2 and O 1s peaks is estimated at 458 ± 0.2 and
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529 ± 0.2 eV respectively and indicates the presence of

TiO2 [40–42]. The atomic ratio of Ti:O = 1:3 was found

by means of XPS analysis, reflecting the enrichment of the

surface with hydroxyl species which are physically adsor-

bed thus do not affect its chemical state [43].

The diffractogram (XRD) obtained from the titanium

dioxide layer deposited over the YSZ substrate is shown in

Fig. 1b. Scans were collected in the range of 2h between 10

and 70� with a scanning rate of 0.02�/s and the crystal

planes of the deposited films where identified according to

JCPDS crystallographic data base. It is observed that the

TiO2 layer is in its anatase (JCPDS file No 21-1272) and

rutile (JCPDS file No 21-1276) form. The ratio (xA) of

anatase in the TiO2 sample was ca. 38% using [44]:

xA ¼ ½1þ 1:26ðIR=IAÞ��1 ð3Þ

where IA and IR are the integral intensities of the anatase

and rutile reflections of the primary peaks, respectively.

The secondary reflections of TiO2 crystal forms are hidden

by the YSZ spectra.

The surface morphology of the solid electrolyte support

and of the deposited films was examined using Scanning

Electron Microscopy (SEM). Figure 2a presents a SEM

micrograph of the YSZ substrate while Fig. 2b shows the

TiO2/YSZ surface before the deposition of Pt. Worth to

note is that the YSZ substrate is not fully covered by the

TiO2 thin layer. Figure 2c presents a SEM micrograph of

the Pt/TiO2/YSZ catalyst-electrode surface. As shown, the

Pt layer exhibits a high roughness morphology.

The catalytically active surface area of the Pt catalytic

films can be estimated using the galvanostatic transient

technique, by measuring the time, s, required for the rate

increase, Dr, in galvanostatic electropromotion rate tran-

sients to reach 63% of its steady-state value [21]. In this

way one can estimate the reactive oxygen uptake, NG, of

the anodically polarized metal film and, assuming a 1:1

surface metal:O ratio, the catalyst active surface area, NG,

expressed in mol Pt, is calculated from:

NG ¼ Is=ð2FÞ ð4Þ

during current imposition [20, 21] or from:

NG ¼ rsD=K ð5Þ

in the current interruption technique [20, 21], where r is the

electropromoted rate while the depolarization time, sD,

expresses the mean lifetime of the backspillover oxygen

species on the catalyst surface and is extracted from the

rate transient upon current interruption [20, 21]. These

promoting O2- species are more strongly bonded to the

catalytic surface than normally adsorbed oxygen from the

gas phase [20, 21].

When thin (\1 lm) Pt films are used at high ([300 �C)

operating temperatures the effect of thermally migrated

promoting species on the initial open-circuit rate is sig-

nificant and thus Eq. 4 leads to overestimated NG values

[20, 33]. In this case, the current interruption technique

(Eq. 5) which is not directly linked to the open-circuit

coverage of the promoting O2- species, results in more

accurate values of the active surface area. Thus using

Eq. 5, the active surface area of the Pt/YSZ and Pt/TiO2/

YSZ catalyst-electrodes was estimated to be 1.7 9 10-8

and 4.7 9 10-8 mol Pt, respectively. This increased Pt

surface area in presence of the TiO2 layer is in qualitative

agreement with the Atomic Force Microscopy (AFM)

analysis, where *50% higher roughness of the substrate

surface has been found in presence of the TiO2 layer.

2.3 Reactor operation

The apparatus utilizing on-line gas chromatography

(Shimadzu GC-14A, equipped with a TC detector and a
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Fig. 1 Surface characterisation: a XPS spectra of the TiO2 interlayer

and b XRD spectra of TiO2/YSZ support
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Porapaq-N 80/100 packed column, for the CxHy analysis),

and IR spectroscopy (Fuji electric, for the CO2 analysis)

has been described previously [9, 37]. Reactants were

Messer Griesheim-certified standards of C2H4 in He and O2

in He and could be further diluted in (99.999%) He (L’Air

Liquide). The atmospheric pressure single chamber quartz

reactor has a volume of 30 cm3 and has been previously

described in detail [9, 20, 21, 37]. The C2H4 and O2 partial

pressures in the feed were held constant during all the

experiments at 0.19 and 8.2 kPa, respectively. The gas flow

was regulated by Brooks mass flow controllers connected

to a four-channel Brose control box (model 5878). The

total gas flow was 420 cm3 (STP) min-1. Constant currents

or potentials were applied using an AMEL 2053 galvano-

stat-potentiostat.

3 Results

Figure 3 compares the transient and steady-state electro-

chemical promotion of the Pt/YSZ and Pt/TiO2/YSZ catalysts

at 280 �C and inlet pC2H4
and pO2

values of 0.19 and 8.2 kPa

respectively by examining two galvanostatic transients.

Thus Fig. 3a shows the transient effect of constant

current application and interruption on the rate of C2H4

oxidation and corresponding C2H4 conversion and on the

catalyst potential UWR relative to the reference electrode

for the Pt/YSZ catalyst. Figure 3b shows the corresponding

transients for the Pt/TiO2/YSZ catalyst.

Fig. 2 SEM micrograph top

views of a the YSZ surface,

b the TiO2/YSZ surface before

the deposition of Pt and c the

Pt/TiO2/YSZ. Magnification

factor of 5000 (scale markers of

500 nm)

Fig. 3 Transient effect of applied constant current on the rate of C2H4

oxidation (expressed in mol O/s), on C2H4 conversion and on the

working-reference potential difference. (top): Pt/YSZ catalyst; (bottom):

Pt/TiO2/YSZ catalyst. T = 280 �C, pO2
¼ 8:2 kPa; pC2H4

¼ 0:19 kPa
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In both cases significant and reversible electropromotion

occurs with the rate enhancement ratio q reaching values of

67 for the Pt/YSZ catalyst and 168 for the Pt/TiO2/YSZ

catalyst (i.e. 16700% rate increase).

The corresponding Faradaic efficiency K values are 188

for the Pt/YSZ catalyst and 753 for the Pt/TiO2/YSZ cat-

alyst. Thus in the latter case each O2- ion supplied to the Pt

catalyst causes on the average the catalytic reaction of 753

adsorbed O species originating from the gas phase.

Thus the electropromotion of the Pt/TiO2/YSZ catalyst

is significantly more pronounced than the electropromotion

of the Pt/YSZ catalyst since the q and K values are a factor

of 2.5 and 4 higher, respectively.

There are three additional useful observations made by

comparing Fig. 3a and b:

a. The increase in UWR for the case of the Pt/TiO2/YSZ

catalyst (DUWR = 590 mV) is significantly higher

than that (DUWR = 340 mV) for the Pt/YSZ catalyst.

Since it is well established that over wide range of

experimental conditions it is [20, 22, 28]:

eDUWR ¼ DU ð6Þ

this implies that the increase in the work function, U,

of the Pt catalyst is significantly higher in the case of

the Pt/TiO2/YSZ catalyst which in turn implies a

higher coverage of promoting spillover O2- species on

the catalyst surface.

b. The approach to steady state upon positive current

application is significantly faster in the case of the

Pt/TiO2/YSZ catalyst.

c. Although the open circuit catalytic rate, ro, is higher

for the case of the Pt/TiO2/YSZ catalyst (ro = 0.70

9 10-8 mol O/s vs ro = 0.40 9 10-8 mol O/s the cor-

responding open-circuit turnover frequencies (TOFs)

are similar (TOF = 0.15 s-1 vs TOF = 0.23 s-1). Thus

although the presence of the TiO2 layer enhances NG

(by a factor of 2.8) and thus enhances the dispersion of

Pt, there appears to be no beneficial effect on the

specific catalytic activity or turnover frequency.

The above observations a and b show that the presence of

the TiO2 layer, which according to observation c does not

affect significantly the open-circuit TOF, enhances signifi-

cantly the supply of the promoting O2- species onto the

catalyst surface upon anodic polarization, i.e. upon imposi-

tion of positive current. This TiO2-assisted enhanced O2-

supply to the catalyst surface is similar to that observed for

Rh/TiO2/YSZ catalysts [34–38] and the underlying mecha-

nism based on the mechanisms of SMSI and of the EPOC

theory has been discussed in detail by Baranova, Foti and

Comninellis [34] as outlined in Discussion.

Figures 4 and 5 present steady state results of the effect

of the IR-corrected potential UWR on current (open

symbols) and on the catalytic rate (and corresponding

conversion and TOF) for the Pt/YSZ and Pt/TiO2/YSZ

catalysts first at T = 280 �C (Fig. 4) and then at 375 �C

(Fig. 5).

One observes in Fig. 4 that the presence of the TiO2

layer enhances the maximum q value obtained at high

anodic polarization. The presence of the TiO2 layer also

significantly increases the anodic current and appears to

also decrease by almost 300 mV the onset potential for rate

enhancement upon anodic (UWR [ 0) polarization. Both in

presence and absence of the TiO2 layer purely electro-

phobic behaviour is observed.

At higher temperatures (T = 375 �C, Fig. 5) the r vs

UWR behaviour shifts from purely electrophobic to inverted

volcano in accordance to the rules of chemical and elec-

trochemical promotion [20]. Physically this reflects the

decrease in the coverage of the reactants, more notably

atomic oxygen, on the Pt catalyst surface with increasing

temperature. Interestingly at 375� the open circuit catalytic

rates is lower for the Pt/TiO2/YSZ catalyst but this catalyst

again exhibits the highest anodically electropromoted rate.

Interestingly the Pt/YSZ catalyst exhibits higher cathodi-

cally UWR \ 0 electropromoted rate.

Figure 6 shows the steady state effect of current, or

equivalently rate of O2- supply or removal, to the catalyst

surface on the rate increase Dr during C2H4 oxidation on

Pt/YSZ and Pt/TiO2/YSZ at 280 �C (Fig. 6a) and at 375 �C

(Fig. 6b). According to the definition of K (Eq. 2), straight

lines passing from the origin are constant faradaic

Fig. 4 Steady-state effect of catalyst potential on the rate of C2H4

oxidation, on turnover frequency (TOF), on rate enhancement ratio

(q) and on the current (I) for the Pt/YSZ and Pt/TiO2/YSZ catalysts at

280 �C
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efficiency lines. As shown in Fig. 6a, low I/2F values lead

to K values up to 4000 for the Pt/TiO2/YSZ catalyst and up

to 180 for the Pt/YSZ catalyst. This implies that each O2-

supplied to the catalyst causes the reaction of up to 4000

oxygen atoms adsorbed from the gas phase. At higher

temperatures (Fig. 6b), the K values decrease for both

catalysts in agreement with all previous EPOC studies [20].

4 Discussion

The enhancement of EPOC efficiency of Pt via the addition

of the TiO2 sublayer can be interpreted by the enhanced

O2- transport to the Pt catalyst surface resulting from self-

driven wireless EPOC where O2- species are provided

from the TiO2 to the Pt surface, as first proposed by Bar-

anova, Foti and Comninellis [34, 35] (Fig. 7).

In this mechanism the occurance of the catalytic reac-

tion on the Pt catalyst surface upon anodic polarization and

concomitant slow consumption of the promoting spillover

O2- species on the same surface causes a decrease in the

oxygen chemical potential on the Pt/gas and Pt/TiO2

interfaces and thus a local gradient in the oxygen chemical

potential between these interfaces and regions of higher

oxygen chemical potential, e.g. at the TiO2/gas or TiO2/

YSZ or even conceivably at the TiOx/gas interface where

O2 reduction may also take place (Fig. 7). Due to the

mixed ionic (O2-) and electronic conductivity of the TiO2

layer this gradient can cause migration of promoting O2-

species from the TiO2/gas interface to the Pt/gas interface

via the TiO2 layer, thus establishing a self-driven EPOC

mechanism [20, 34, 35]. In this way the TiO2 layer under

polarization acts as a catalyst for transforming gaseous O2

to promoting O2- species at the Pt/gas interface.

This gradient in the oxygen chemical potential is

expected to be negligible under open-circuit conditions,

Fig. 5 Steady-state effect of catalyst potential on the rate of C2H4

oxidation, on turnover frequency (TOF), rate enhancement ratio (q)

and on the current (I) for the Pt/YSZ and Pt/TiO2/YSZ catalysts at

375 �C

Fig. 6 Effect of O2- supply rate (or removal) to (or from) the

catalyst electrode on the increase in the rate of C2H4 oxidation on the

Pt/YSZ (open symbols) and Pt/TiO2/YSZ (filled symbols) catalysts at

280 �C (top) and 375 �C (bottom). Dashed lines are constant faradaic

efficiency, K, lines

Fig. 7 Schematic of the self driven enhanced O2- transport electro-

chemical promotion mechanism of C2H4 oxidation on Pt interfaced

with TiO2 with internal short-circuiting. Adapted from Fig. 7 in [34]
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since in this case the catalytic rate on the Pt surface is much

smaller. This can explain why this self-driven enhanced

O2- transport mechanism manifests itself only upon anodic

polarization and not under open-circuit conditions where

the TiO2 layer has no promoting effect on the catalytic rate.

In summary the presence of such thin TiO2 layers

between the catalyst and the solid electrolyte enhances very

significantly the EPOC behaviour of both Rh and Pt cata-

lysts under anodic polarization conditions. The exact

mechanism is certainly worth further investigation via

oxygen isotopic and surface spectroscopic technique.

5 Conclusions

The catalytic and electrocatalytic activity of Pt/YSZ and

Pt/TiO2/YSZ electrodes has been investigated for the

model reaction of C2H4 oxidation in an atmospheric pres-

sure single chamber reactor, in excess oxygen at 280 and

375 �C. It has been found that the presence of the dispersed

TiO2 interlayer results in a very significant increase in the

magnitude of the electrochemical promotion effect upon

anodic polarization. The rate enhancement ratio and the

apparent faradaic efficiency values were found to be a

factor of 2.5 and 4, respectively, higher than in absence of

the TiO2 interlayer. This significant enhancement in EPOC

efficiency is similar to that previously observed for Rh

catalysts and appears to be mainly due to enhanced trans-

port of promoting O2- species onto the metal catalyst

surface under anodic polarization conditions. This is cor-

roborated both by the faster galvanostatic transients and by

the increased catalyst potential and work function values

upon anodic polarization. The results are of significant

practical importance and the exact underlying mechanism

is worth further investigation.
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