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Abstract A new experimental set-up, coupling electro-

chemistry and mass spectroscopic techniques, for the

investigation of a solid electrochemical cell under high

vacuum conditions (HV) is presented. Two configurations

are realized allowing the investigation of both the elec-

trochemical and electrocatalytical behavior of a thin Pt

layer on yttria stabilized zirconia (YSZ). We can readily

select the atmosphere down to 10-6 Pa partial pressure and

determine the response of the system in less than 1 s.

Under HV conditions, YSZ appears electrochemically

active and we have identified, in the cathodic potential

domain, the reduction/oxidation process of zirconia and in

the anodic domain, the platinum oxidation/reduction and

the oxygen evolution reactions. In a catalytic active gas

mixture, despite the Faradaic enhancement of the CO

oxidation observed over Pt/YSZ during an anodic polari-

zation, an intriguing sustainable enhanced Pt/YSZ catalyst

activity is achieved after current interruption.

Keywords Mass spectrometry � Electrochemistry �
HV � Permanent EPOC � Pt electrodes

1 Introduction

Electrochemical mechanisms like electrochemical promo-

tion of catalysts (EPOC) or non-Faradaic modification of

catalytic activity (NEMCA) are complex multistage

mechanisms which have not been understood completely

on the molecular level. Coupling electrochemistry to other

analytical probe techniques represents a constant effort in

the field of research as it allows to gain valuable infor-

mation for the elucidation of these complex mechanisms.

Surface analysis techniques, e.g. Auger electron spectros-

copy (AES), X-ray photoelectron spectroscopy (XPS)

[1, 2], scanning photoelectron spectroscopy (SPEM) [3–5],

photoelectron emission microscopy (PEEM) [4–7], scan-

ning tunneling microscopy (STM), are usually coupled to

electrochemistry to investigate electrochemical deposition

and adsorption at the electrode while spectroscopic tech-

niques, e.g. infrared-spectroscopy (IR), gas chromatogra-

phy (GC) [8, 9], mass spectrometry (MS) [8–11], are

coupled to monitor (qualitatively and quantitatively) the

products of an electrochemical reaction. More recently, the

field of aqueous electrochemistry yielded important insight

from the development of differential electrochemical mass

spectrometry (DEMS) technique allowing the in situ

detection of electrochemically formed products and inter-

mediates [12, 13].

In the field of electrochemical promotion of catalysis

(EPOC) several investigation devices are based on the

above mentioned coupling of analytical techniques to

electrochemistry. Most of them are performed under

atmospheric pressure conditions by coupling a galvano-

static pulse to a sensitive but relatively slow gas phase

separation method (typically gas chromatography with

flame ionization detector, FID or thermal conductivity

detector TCD) for the gas phase analysis. These techniques
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have allowed to propose an EPOC model based on

backspillover ion promoters [8]. In order to obtain a clearer

mechanistic picture of the phenomenon and demonstrate

the EPOC mechanism proposed at atmospheric pressure,

Imbihl et al. [3–7] proposed to investigate EPOC under

ultra high vacuum (UHV) conditions. Surface analysis

tools like PEEM and SPEM were combined with success to

electrochemical methods allowing the authors to directly

observe the migration of O2- promoters at the catalyst

surface during an anodic polarization. Few years later,

Vayenas et al. [10, 11] proposed an EPOC investigation of

CO oxidation using labeled oxygen showing the co-exis-

tence of two kinds of oxygen species on Pt interfaced to

YSZ by using adsorption and thermal desorption which

confirmed the EPOC sacrificial promoter model suggested

under atmospheric conditions. However, at atmospheric

pressure, after prolonged anodic polarization, Jaccoud et al.

[14–17] have recently reported an intriguing (electro-

chemical and electrocatalytical) behavior of the Pt/YSZ

system which cannot be explained by the commonly

accepted EPOC model.

In order to shed more light on these processes, we made

an effort to build a new device to perform electrochemical

measurements under HV conditions, while monitoring the

electrochemically formed products. An electrochemical

microreactor configuration under HV conditions is linked

to a quadrupole mass spectrometer (QMS) to monitor the

reaction products of a solid state electrochemical system.

The high sensitivity and the fast response of the QMS

analyzer show to be key parameters of this new device. We

were able to isolate the contribution of the solid electrolyte

in the electrochemical behavior of the Pt/YSZ interface.

We find that the electrochemical promotion of CO oxida-

tion is Faradaic but presents a persistent effect after current

interruption similarly to the sustainable enhanced catalyst

activity observed in case of Persistent Electrochemical

promotion (Pers-EPOC).

2 Experimental setup

The setup consists of two key parts, the electrochemical

reactor and the mass spectrometer placed in a HV chamber

(Fig. 1) which will be described briefly below. All exper-

iments are performed under HV conditions or at well

defined partial pressures up to 10-3 Pa.

The vacuum vessel housing the microreactor and the

QMS has a volume of 10 L. The base pressure of the

vacuum system is maintained typically at 10-6 Pa by a

pumping system composed of two turbomolecular pumps

(Pfeiffer TMU 521, 520 L s-1 and Peiffer TMU 071P,

60 L s-1) connected to a rotary pump (Trivac D16B,

16 m3 h-1). The total volume and the effective pumping

speed of the system yields a time constant of 20 ms.

The electrochemical reactor is fixed on a HV manipu-

lator allowing 3 translational and two rotational degrees of

freedom which permits easy alignment with respect to the

QMS and gas dosers. The reactor is electrically and ther-

mally isolated. The system is mounted on a copper block

which can be heated by a custom made heating system

consisting of an electrically isolated tungsten filament

(12 V, 50 W). Radiation heating or electron bombardment

(500 V, 50 mA) is used according to the temperature range

selected. Liquid nitrogen cooling of the sample is also

provided but not used in the experiments presented here.

Temperatures are measured using NiCr thermocouples at

different points on the sample (see Sect. 4 below).

The gases used as reactants (O2 (46 purity) and CO (60

purity) Carbagas certified) are introduced in the system via

HV leak valves and capillary stainless steel gas lines. Total

pressures are monitored by a cold cathode pressure gage

and partial pressures by the QMS operated under static

conditions (no differential pumping).

2.1 Mass spectrometric equipment

The mass spectrometric equipment consists of a commer-

cial quadrupole residual gas analyzer (Pfeiffer, Prisma200).

Effective gas separation and detection is achieved by

placing the QMS in a custom built ‘‘sniffer’’ device com-

posed of multi-cylindric stainless steel tubes [18, 19]. The

‘‘sniffer’’, depicted in Fig. 2, aims to collect efficiently the

gases desorbing from the sample surface. Its front opening

(3.5 mm diameter) can be placed in the vicinity of the gas

feed to be analyzed and its cone shape ensures the diffusion

of non-collected molecules away from the electrochemical

reactor, i.e. avoids gas back mixing.

The reactant gases are introduced by two gas capillary

tubes built on both sides of the device as shown in Fig. 2.

For the single chamber type reactor configuration, the

oxygen gas source is released in the main HV chamber in

order to set a homogenous pO2
partial pressure both in the

anodic and cathodic chamber of the reactor (electrochem-

ical investigation) (Fig. 1a). On the other hand, for the dual

chamber type reactor configuration, reactant gases are

directly transferred to the anodic and to the cathodic

chambers by connecting the capillary tubes to the gas inlet

of electrochemical cell with Teflon tubes avoiding gas loss

into the HV main chamber (catalytic measurements)

(Fig. 1b).

The volume of the detection chamber is differentially

pumped by a 60 L s-1 turbomolecular pump to ensure a

continuous evacuation of analyzed gases. However, because

of the complex multi-section structure of the device, the

effective pumping speed is reduced to S = 0.63 L s-1
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according to molecular flow theory [20] and to measure-

ments. Considering the volume of the gas collector

(V0 = 0.38 L), the detection time constant is determined to

be 0.6 s.

2.2 Electrochemical reactors

Two types of reactors were designed, a single chamber

type reactor (Fig. 3a) well suited for electrochemical

Fig. 1 Scheme of the high

vacuum experimental setup.

a single chamber configuration,

b dual chamber configuration

Fig. 2 Scheme of the sniffer. 1:

main inox cylinder containing

the QMS, 2: cone shape

collector; 3: quadrupole mass

spectrometer (QMS), 4: inlet

gases capillary tubes, 5:

differential pumping
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investigation of the Pt/YSZ system and a dual chamber

type reactor (Fig. 3b) adapted to catalytic investigation

(EPOC and P-EPOC).

2.2.1 Single chamber type reactor

The electrochemical reactor is composed of two copper

pieces which act as a support for the sample and ensures

electrical connections as well as thermal anchoring of the

thermocouples (Fig. 3a). The sample is fixed in the middle

of the electrochemical reactor by means of an inert ceramic

paste (Feuerfestkitt, Firag AG), separating the whole sup-

port volume in a working compartment (containing WE

and thermocouple, Vworking = 0.7 cm3) and a reference

compartment (containing CE and RE, Vreference =

0.5 cm3). Essential in this configuration however is free gas

flow (ensured by the openings as depicted in Fig. 3a) which

ensures a homogenous gas atmosphere on both sides of the

sample which is basically identical to the vacuum chamber

partial pressure distribution.

The gas analysis of the working compartment which

probes the gases desorbed from the WE is performed via a

3 mm diameter hole placed on the top face of the reactor.

Due to the open configuration only part of the desorbed gas

is fed into the ‘‘sniffer’’. A quantitative analysis however is

possible by determining the branching ratio of the gas flux

(see Sect. 4 below).

The pumping speed of the reactor, determined by the gas

flow theory at the openings, is estimated to be 1.15 L s-1.

Considering the volume of the reactor, this results in a time

constant of 1 ms which is much faster than the vacuum

system and we can consider the reactor as operating in

constant homogeneous pressure conditions.

2.2.2 Dual chamber type reactor

The design of the dual chamber type reactor is similar

hardwarewise than the single chamber type reactor. How-

ever some important changes are made as shown in

Fig. 3b. In this case the sample is sealed gas tight in the

reactor with an inert ceramic paste (Feuerfestkitt, Firag

AG), separating two independent volumes. The working

compartment is efficiently pumped by seven openings

(3 mm diameter holes) while the reference compartment is

sealed. The feed of reactant gases is ensured by stainless

steel inlet gas lines (2.8 mm diameter) connected to two

openings of the working compartment (O2 and CO) and to

one opening of the reference compartment (O2). Temper-

ature monitoring and gas analysis of the dual chamber type

reactor is identical to the single chamber type reactor

described above.

Due to the open construction we can estimate the time

constant of the working compartment to be 0.8 ms.

2.3 Electrochemical cells

Commercial YSZ 8% mol pellet (Technox 802, Dynamic

Ceramic) were used as substrate on which platinum elec-

trodes were deposited by magnetron sputtering in Ar at

room temperature. The magnetron operates in the direct

current (dc) mode maintaining a discharge of 330 V at an

argon pressure of 1 Pa. Under these conditions, a 1 lm

thick Pt electrode was deposited with a deposition rate

of 0.09 nm s-1 on the YSZ pellet, as determined by pro-

filometric measurement (Alphastep, Model 500) of the

film deposited on smooth silicon samples processed

simultaneously.

Fig. 3 Scheme of the single

chamber (a) and dual chamber

electrochemical reactor (b).

1: reference compartment; 2:

working compartment, 3:

sample 4: holes ensuring

electrical and thermocouple

connections, 5: holes ensuring

free gas circulation 6: top hole

facing the entrance of the sniffer

(MS detection), 7: CO inlet

gasline, 8: O2 inlet gasline,

9: sniffer gas collector
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Electrochemical investigations (single chamber config-

uration) are conducted with a Pt/YSZ/Pt sample which

means that counter and reference electrodes have been

deposited with Pt on the reverse side of the pellet using the

same sputtering procedure.

Catalytic measurements (dual chamber configuration)

are performed over a Pt/YSZ/Au system. This is important

to ensure the catalytic inertness of gold counter and ref-

erence electrodes which are deposited on the other side of

the pellet by application of metalorganic paste (Gwent

Electronic Materials—C70219R4) followed by calcination

at 550 �C. Both samples have been treated at 700 �C in

20 kPa O2 during 4 h in order to stabilize the platinum

films [14].

The Pt working electrode size is 7 9 5 mm giving a

geometric surface of 0.35 cm2. The working and counter

electrodes were located in a symmetrical face-to-face

arrangement on the opposite side of the YSZ pellet. This

geometry ensured a symmetrical current and potential

distribution in the cell [21].

3 Results and discussion

3.1 QMS calibration

The online analysis of the gas composition is computed by

measuring the response (ion current) for each gas with the

quadrupole mass spectrometer. The ion current (IX) is

directly proportional to the partial pressure of the analyzed

gas in the sniffer volume (psniffer
X ),

IX ¼ KXpsniffer
X ð1Þ

where KX is a constant containing all mass spectrometric

conversion factors and the gas dependent ionization prob-

ability in A Pa-1.

The QMS is absolutely calibrated comparing the ion

current to the pressure reading of a Balzers CPG300 Cold

cathode gauge. Stopping all differential pumping results in

a homogenous gas pressure in the whole vacuum system.

The ionic current, IX, and analyzed gas pressure, pHV
X , in

the HV chamber can then be written as:

IX ¼ K0
XpHV

X ð2Þ

where the constant KX
0 coefficient is similar to K and

contains all MS parameters under stationary conditions

(Fig. 4, Table 1).

3.2 SEMS calibration

The polarization of the sample leads to electrochemical

product formation of species which are eventually trans-

ferred into the gas phase. One of the main purposes of this

experiment is to quantitatively analyze this product flow

into the gas phase. The gas analysis of the working com-

partment is performed by means of the QMS through the

top reactor hole which faces the ‘‘sniffer’’ entrance. In

order to relate quantitatively the gas flow from the active

electrode Jsniffer
O2

to the ion current measured in the QMS we

use the oxygen evolution reaction in the Pt/YSZ system

[13]. In the case of anodic polarization, O2- ions migrate to

the interface where they electrochemically react according

to reaction 4 at the Pt/YSZ interface [14–16] and reac-

tion 5 at the Triple Phase Boundary (TPB) [8, 14–16]:

xO2�
ðsÞ þ PtðsÞ ! PtOxðsÞ þ 2xe� ð3Þ

2O2�
ðsÞ ! O2ðgÞ þ 4e� ð4Þ

However, only O2(g) is released into the gas phase

during this process, i.e. O2(g) is the only product formation

which may be sampled by the MS. Reaction (4) dominates

largely at high overpotential [8, 12] and 100% current

efficiency can be assumed for the oxygen evolution

reaction taking place at the TPB. The electrochemical

oxygen flow produced by an anodic polarization of the

working electrode is related to the Faradaic current flowing

into the Pt/YSZ/Pt cell as follows:

J
sample
O2

¼ If

4F
ð5Þ

where If is the Faradaic current imposed to the cell,

J
sample
O2

is the electrochemically formed oxygen flow and F

the Faraday constant.

Fig. 4 Linear dependence of the HV chamber pressure to the

measured ionic current intensity of the calibrating gas. (1) O2(g) (2)

CO(g) and (3) CO2(g). Calibration conditions

Table 1 Calibration coefficient K0
X for O2(g), CO(g) and CO2(g)

K0
O2

4.6 9 10-8 A Pa-1

K0
CO 8 9 10-8 A Pa-1

K0
CO2

5 9 10-8 A Pa-1
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Nevertheless, only a fraction of the gas coming out of

the working compartment goes in the ‘‘sniffer’’

Jsniffer
O2

¼ NJsample
O2

ð6Þ

where Jsniffer
O2

is the oxygen flow entering the sniffer and N

the transfer efficiency.

The oxygen pressure in the sniffer is related to Jsniffer
O2

by

psniffer
O2

¼ RT

S
Jsniffer

O2
ð7Þ

where R is the gas constant, T the temperature and S the

pumping speed of the working compartment. This relates to

the measured ion current

IO2
¼ NK0

O2

RT

S
JSniffer

O2
ð8Þ

and finally

IO2
¼ NK0

O2

RT

S

If

4F
ð9Þ

where IO2
is the oxygen ion current which is measured by

the QMS, If is the Faradaic current imposed to the cell and

K0 the MS calibration constant.

The linear relation between IO2
and If is shown in Fig. 5

and allows the determination of N, which is estimated to be

0.098 for this setup.

A similar calibration is performed for the dual chamber

type reactor, e.g. under background pressure of oxygen in

both compartments (pO2
= 10-5 Pa). Doing so, the oxygen

ion current recorded with the MS, IO2
, is related the Fara-

daic current imposed with the galvanostat, If, to determine

the transfer efficiency N = 0.069 for the dual chamber type

reactor configuration.

3.3 Examples of application

Single chamber type SEMS. The electrochemical investi-

gation of the Pt/YSZ system is performed by cyclic vol-

tammetry (CV-MS measurement) under HV in absence of

oxygen (oxygen background pressure pO2
B 10-5 Pa) at

400 �C in the single chamber type configuration setup. The

cyclic voltammograms (Fig. 6 left axis) and corresponding

mass spectrometer (MS) results (Fig. 6 right axis) obtained

by increasing the potential scan rate, m, from 10 mV s-1 up

to 250 mV s-1 are presented in Fig. 6. In the anodic

domain, the oxygen evolution reaction starts at 500 mV

(scan rate independent) leading to a dramatic increase of

current on the voltammograms concomitant to strong

oxygen release in the gas phase. In addition, the charac-

teristic oxidation shoulder and reduction peak of the Pt/PtO

redox couple may be clearly seen in the anodic domain

while an unexpected active couple (Zr/ZrO2) appears in the

cathodic potential domain.

Dual chamber type SEMS. The electrocatalytic investi-

gation of CO oxidation over Pt/YSZ catalyst is performed

by imposing a single anodic galvanostatic step under HV

conditions in excess of CO (pO2
= 10-5 Pa, pCO =

7 9 10-3 Pa) at 400 �C in the dual chamber reactor type

configuration setup. Figure 7 evidences the faradaic

enhancement of CO2 formation (q = 1.5 and K = 0.1)

observed during the anodic polarization.

As previously mentioned, the detection efficiency of the

electrochemically formed product is rather small (Nsingle =

0.093 and Ndual = 0.069) but worth to notice that the small

detection time constant of the system allowed to perform

MS online sampling of oxygen production with a good

resolution in time for cyclic voltammetric measurements

with scan rates up to 200 mV s-1. This suggests that the

Fig. 5 Dependence of oxygen ionic current intensity measured to the

applied Faradaic current. Application of the current is performed

during 60 s under background oxygen partial pressure of 10-5 Pa at

T = 400 �C. Single chamber reactor (1), dual chamber reactor (2)
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Fig. 6 Effect of scan rate on cyclic voltammogram of Pt/YSZ

interface under HV, v = 10 mV s-1, 20 mV s-1, 50 mV s-1,

100 mV s-1, 150 mV s-1, 200 mV s-1 and 250 mV s-1 (left axis)

and corresponding MS results of O2 evolution (right axis). pO2
=

10-5 Pa, T = 400 �C
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sustainable enhancement of CO2 formation observed dur-

ing 60 s after current interruption in Fig. 7 is related to the

previously applied anodic current. Even if the polarization

time involved in this example (100 s) is much more limited

than the extended polarization times used by Comninellis

et al. [14–17] during their investigation of P-EPOC of

Pt/YSZ catalyst under atmospheric pressure, the unex-

pected behavior observed herein, is proposed to be related

to a similar process of oxygen storage by PtOx electro-

chemical formation. However this is far beyond the scope

of this paper and a detailed SEMS investigation of Pt/YSZ

electrochemical behavior under HV conditions is given in

the next article in this volume [22].

4 Discussion

The elaboration of a new probe accessory for the investi-

gation of solid state electrochemical systems under HV

condition leads to the development of two differential solid

electrochemical mass spectrometry apparatus. The main

characteristic of the investigation devices built herein are

summarized in Table 2 which gives the relevant parameter

of the different constituting parts of each configuration, i.e.

vacuum system, heating system, mass spectrometric anal-

ysis, reactant gas supply and the electrochemical reactor.

The heating system was carefully designed in order to

avoid any O2- thermal migration in the YSZ electrolyte,

i.e. to insure that in the single chamber reactor OCV =

0 V. The use of a single filament placed in the vicinity

of the working electrode, as commonly seen in most

HV/TPD experimental setups [9–11], creates a large

temperature gradient between each side of the sample. The

sample was heated by the reactor which acts as a radiation

heat source allowing to supply a homogeneous heating of

the sample up to 500 �C. Worth to mention that, by adding

openings in the reactor, the reactor time constant is

decreased as well as the performance of the heating.

Important limitation of the heating system concerns the

oxygen partial pressure in the HV chamber, which should

be kept below 10-3 Pa to avoid oxidation of the tungsten

filament, i.e. the break of the heat source.
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Fig. 7 Effect of galvanostatic polarization at 120 lA during 90 s on

the catalytic oxidation of CO over Pt/YSZ catalyst under HV,

pCO = 7 9 10-3 Pa, pO2
= 10-5 Pa, T = 400 �C

Table 2 Main parameters and characteristics for each configuration

Single chamber

configuration

Dual chamber

configuration

Vacuum system

Volume 10 L 10 L

Pumping speed 520 L s-1 520 L s-1

Time constant 20 ms 20 ms

Minimum attainable

pressure

10-5 Pa 10-5 Pa

Heating system

Tsample = k0Treactor k0 = 0.93 k0 = 0.9

Main power supply 7 V/3 A 7 V/3 A

Tunning electrical field 500 V 550 V

Tsample
max 500 �C 500 �C

Maximum oxygen

pressure

10-3 Pa 10-3 Pa

MS analyser

Ionisation volume 0.38 L 0.38 L

Pumping speed 0.63 L s-1 0.63 L s-1

Time constant 500 ms 500 ms

Potential applied to the

filament

800 V 800 V

Limit detection pressure 10-3 Pa 10-3 Pa

K0
O2

4.6 9 10-8 A Pa-1 4.6 9 10-8 A Pa-1

K0
CO – 8 9 10-8 A Pa-1

K0
CO2

– 5 9 10-8 A Pa-1

Reactant gas supply

O2 (46) Carbagas

certified

HV chamber Reactor (both

sides)

CO (60) Carbagas

certified

– Working

compartiment

Electrochemical reactor Single chamber Dual chamber

Working compartment

volume

7 9 10-4 L 7 9 10-4 L

Reference compartment

volume

5 9 10-4 L 5 9 10-4 L

Pumping speed 0.64 L s-1 0.9 L s-1

Time constant 1 ms 0.8 ms

Transfer efficiency 0.093 0.069

Applied/measured

potential

DUWR = g DUWR = g
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The two electrochemical reactors realized, single and

dual chamber type, feature low-volume of reactants and

very small time constants (about 1 ms) allowing a fast

sampling of the electrochemical products. Because of

their microreactor structures, these two reactors presented

small transfer efficiencies (0.093 for the single chamber

type and 0.069 for the dual chamber type). It is worth to

note that the transfer efficiency parameter can be easily

improved by sealing some openings on the sides of the

reactors. However, it would result in an increase of gas

back mixing effect and larger reactor time constant

because of the decrease of reactor pumping speed which

is highly undesired.

5 Conclusion

A new probe device, coupling electrochemistry and mass

spectroscopy techniques, is developed for the investigation

of a solid electrochemical cell under high vacuum condi-

tions (HV). Vacuum system, heating system, mass spec-

trometric equipment and electrochemical reactor constitute

the solid electrochemical mass spectrometry (SEMS). Two

configurations are proposed, single and dual chamber type

reactors, for the investigation of both the electrochemical

and electrocatalytical behavior of the Pt/YSZ system. At

this molecular level, the fast detection response of the

herein built solid electrochemical mass spectrometry

(SEMS) device allowed to observe a persistent promoted

activity of Pt/YSZ catalyst induced by a Faradaic electro-

chemical promotion of CO oxidation over Pt/YSZ catalyst.

The coupling of the SEMS device and HV conditions

shows a real potential in the field of EPOC fundamental

research.
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