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Abstract

Simultaneous monitoring of ac and dc responses of the electrode-electrolyte interface with potentiodynamic elec-

trochemical impedance spectroscopy (PDEIS) in silver underpotential and overpotential deposition on platinum has

confirmed the role of intrinsic Pt surface changes in the irreversibility of Ag underpotential deposition and disclosed

exceptionally high stability of Ag monolayer on Pt. PDEIS has been demonstrated to be a convenient means for wet

surface chemistry monitoring.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Potentiodynamic electrochemical impedance
spectroscopy (PDEIS) acquires ac and dc re-

sponses of an electrochemical interface in a single

potential scan and analyses the ac response in

terms of equivalent electric circuit parameters de-

pendences on the potential [1,2]. This is especially

helpful in investigations of short-lived states of

variable interfaces that cannot endure sequential

application of several techniques for comprehen-
sive in situ electrochemical characterisation of the

interface transient states in various transforma-

tions. PDEIS has provided in situ investigation of
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anion adsorption during copper monolayer for-

mation on gold [2] and electrochemical charac-

terisation of metal monolayers during their
formation and destruction on metallic and non-

metallic supports [1–3]. The investigation of Cu

underpotential deposition (upd) on Au in presence

of anions [2] has disclosed irreversibility of con-

stituent processes in the reaction that appeared to

be reversible from voltammograms. In the present

work we have applied PDEIS to investigate a

transition from upd to overpotential deposition
(opd) in silver cathodic deposition on Pt. Irre-

versibility of Ag upd on Pt manifested itself al-

ready in cyclic voltammetry [4,5], which was

ascribed to oxidative-reductive [5] and structural

[6] changes of Pt surface layer, so this system re-

quired an in situ technique for characterisation of

transient states. As we will show later, the theory
ed.
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predicts the potentiodynamic ac response of the

irreversible upd to be significantly different from

that of the reversible upd. We have confirmed the

theoretical considerations by the experimental

investigation of silver upd using PDEIS and

demonstrated high sensitivity of PDEIS to varia-
tion in the upd–opd system status.
2. Theory

A linear component of the ac electrochemical

response of a upd at a perturbation of the elec-

trode potential DE ¼ E expðjxtÞ may be presented
in the following functional form [7,8]:

Di ¼ oi
oE

� �
DE þ oi

oCs

� �
DCs þ

oi
oh

� �
Dh; ð1Þ

where Di, DCs, Dh are the respective variations of

the current, metal cation surface concentration

and surface coverage of metal adatoms formed as

a result of upd, E is the perturbation amplitude,
j––imaginary unit, x––angular frequency, t––time.

The dependence of the current on these variables

comes from the kinetic equations:

i ¼ nF ½kfCsð1� hÞ � kbh�; ð2Þ

kf ¼ k0 exp½�anF g=RT �; ð3Þ

kb ¼ k0 exp½ð1� aÞnF g=RT �; ð4Þ
where k0 is a standard rate constant, kf and kb––
constants of respective forward and backward

reactions, R––gas constant, T––absolute tempera-
ture, F ––Faraday constant, g––overpotential, n––
number of electrons involved in the electrochemi-

cal reaction, a––transfer coefficient.

Though actual responses may contain also

nonlinear components in Eq. (1), nonlinear con-

tribution has proved to be usually insignificant at a

low perturbation amplitude practised in electro-

chemical impedance spectroscopy. Nonlinear ef-
fects that might arise from inter-frequency

interactions in multi-frequency probing were ex-

cluded in this work by using a sequential probing

with streams of synchronised wavelets generated

by virtual instruments [1].

The first term in Eq. (1) manifests itself in the

active impedance component represented in
equivalent circuits by a charge transfer resistance

Rct, the second one depends on diffusion, thus it

can show up either in Warburg impedance or other

equivalent circuit fragments that take account of

local concentration changes at different frequen-

cies of perturbation. The last term should be sig-
nificantly different in reversible and irreversible

upd. In the case of reversible upd, a separate quasi-

equilibrium can be established at each potential in

the upd range with characteristic coverage of ad-

atoms [9]. The perturbation of the potential results

in the perturbation of h manifested in pseudo-

capacitance [8,9]. There may be even several

pseudocapacitances in the equivalent circuit, if a
monolayer formation is accompanied by adsorp-

tion effects. The pseudocapacitances variations

with the potential were used to study the dynamics

of Cu monolayer formation and conjugated anion

adsorption with PDEIS [2]. On the contrary, in

irreversible upd there is no characteristic coverage

and, consequently, no oscillation of h to produce

the monolayer pseudocapacitance via the last term
of Eq. (1). Ag monolayer formation and destruc-

tion on Pt proceed in different potential ranges, so

their ac responses are also separated on the po-

tential scale and can be disclosed separately by a

charge transfer pseudoresistance and the diffu-

sion impedance attributed to Agþ. Also analytical

descriptions of the charge transfer pseudore-

sistance should be different in these two cases,
because of the lack of characteristic quasi-equi-

librium coverage at each potential and a depen-

dence of h on time of cathodic deposition. The

Rct of the reversible upd tends to measure the ex-

change current density at the corresponding char-

acteristic coverage with the approach to the

stationary condition [9], while the EEC parameters

of the irreversible upd should be less attached to
the potential and show greater history dependence.
3. Experimental

PDEIS spectra were recorded and analysed in

terms of equivalent circuits with a virtual PDEIS

spectrometer––a computer program that used a
common potentiostat as the actuator in the elec-

trochemical response probing. The description of
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PDEIS is posted on Chemweb [1], so we omit it to

save the area for some comments on the pecu-

liarities of PDEIS relative to common electro-

chemical impedance spectroscopy (EIS).

Unlike common EIS that works with stationary

systems in wide frequency ranges, PDEIS works
with nonstationary systems and has to limit the

frequency range, so that the potential variation in

the scan is low compared to one resulting from the

ac probing at a lowest frequency. For that reason,

a low frequency range is available only at slow

scans. Though the frequency range restriction may

result in a loss of equivalent circuit elements that

respond outside the probed frequency range, the
ability of PDEIS to decompose an ac response into

the responses of different elements of the equiva-

lent electric circuit (EEC) in the range embraced

by the probing is much higher than of a common

EIS, as the potential variation restricts consider-

ably the choice of EEC. To achieve high accuracy

of fitting we recorded the EIS spectra with a low

increment on the potential scale (1 or 2 mV), so
that the scan steps were lower than the probing

amplitude and the neighbouring 2D slices of the

PDEIS spectra could be compared for noise

detection and subtraction. In this work we have

used an updated spectrometer program (version

1.4) that implemented a digital subtraction of 50

Hz noise just in the measurement stage by a

superposition of the responses recorded at different
phase shifts of the wavelets in the probing signal
Fig. 1. Ag upd on Pt. (a) Cathodic and (b) anodic branch of cyclic PD

potentials (ER). dE=dt ¼ 2:3 mV/s. Electrolyte: 1 mM AgNO3 + 0.1 M
stream. This was important as the informative

frequency range of Ag/Pt electrochemical ac re-

sponse embraced this frequency. Practically, 18

frequencies (from 877 to 32 Hz) were found to be

sufficient for smooth processing of the ac response

both in the upd and opd ranges.
Polycrystalline platinum wire (purchased from

ChemPur) was flame annealed in each experi-

ment and after cooling in air placed into 1 mM

AgNO3þ 0.1 M HNO3 electrolyte deareated with

nitrogen. The geometrical area of the Pt electrode

was 0.015 cm2. A platinized Pt counter electrode

of high surface area was used to eliminate the

counter electrode impedance from the total im-
pedance. The potential was controlled versus a

Ag jAgCl jKCl(sat) reference electrode. In order

to prevent the contamination of the working

solution by chloride, the reference electrode was

placed in a tap-isolated compartment of the three-

electrode electrochemical cell.
4. Results and discussion

Fig. 1 shows a PDEIS spectrum for upd and

opd of Ag on Pt at cyclic potential scan reversed

from the cathodic to anodic direction at 200 mV,

with cyclic voltammograms corresponding to dif-

ferent reversal potentials. The fitting procedure for

several constant potential sections of the spectra is
illustrated in Fig. 2 and the dependencies of the
EIS spectrum; (c) cyclic voltammograms with different reversal

HNO3. Scan direction is shown by arrows.



Fig. 2. (a) Equivalent electric circuit for the PDEIS spectrum shown in Fig. 1. (b) Slices of the PDEIS spectrum shown in Fig. 1

(Nyquist plots) at different electrode potential with experimental points and simulated curves.
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EEC parameters on the potential at different

reversal potentials and scan rates, obtained from
different PDEIS spectra, are shown in Figs. 3–5.

The EEC obtained by the PDEIS spectrometer

fitting routine appeared to be relatively simple

(Fig. 2a). As predicted from the theoretical con-
Fig. 3. (a) Double layer pseudocapacitance dependencies on electrod

Dotted line characterise the substrate in absence of Agþ. (b) Double la

corresponding cyclic voltammogram (dotted line) at ER ¼ 200 mV. d

Fig. 4. Inverses of (a) charge transfer resistance and (b) Warburg coeffi

mV. The insert shows the upd peaks at extended scale.
siderations, it does not contain capacitance of

adsorption. A constant phase element (CPE) rep-
resents the double layer capacitance with a phase

shift slightly below p/2 radians (n factor varied

from 0.92 to 1.0). The imperfection of the double

layer capacitance is common for electrochemical
e potential at a cyclic scan with different reversal potential ER.

yer pseudocapacitance dependence on potential (circles) and the

E=dt ¼ 2:3 mV/s.

cient as functions of the potential in a cyclic scan with ER ¼ 200



Fig. 5. Double layer pseudocapacitance dependencies for Pt

electrode in 1 mM AgNO3 + 0.1 M HNO3 at different rates of

cyclic potential scan.
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systems and in the present case the nonstationarity

of the system was the additional reason for such

behaviour. We are leaving this point for a consid-

eration in a special publication. A simple Warburg
element described well the diffusion impedance.

This was somewhat unexpected, as the Agþ diffu-

sion to metal nuclei could be more complex than

the one considered in the semi-infinite diffusion

model of the Warburg element. Probably, the

complexity of the diffusion impedance was masked

by the truncation of a low frequency range.

Both the ac and dc responses show the irre-
versible Ag upd (CM––cathodic formation of a

monolayer, AM––anodic destruction of a mono-

layer) and the opd (CB––cathodic bulk Ag depo-

sition, AB––anodic oxidation of bulk Ag). Pt

electrode pseudocapacitance Q shows a hysteresis

in a cyclic scan in absence of Agþ (dotted line in

Fig. 3a) that corresponds to irreversible changes in

the surface layer. Ag upd manifests itself by a Q
rise in the cathodic scan between 500 and 350 mV

and the subsequent Q decrease on the reverse scan

above 700 mV. Ag upd range overlaps with the

range of intrinsic changes in Pt surface layer. That

is obviously the reason of the high irreversibility of

silver redox transformations in the monolayer.

A shift of the reversal potential in the cyclic scan

between the upd to the opd ranges (Fig. 3a) results
in a Q decrease in the beginning of bulk Ag growth.

This could be due either to a double layer expan-

sion or dielectric permittivity decrease in the

nucleation stage. On the reverse scan Q shows a

small maximum at the potential of bulk Ag growth

initiation, fading with the reversal potential shift
into the opd range, and a high peak slightly shifted

to anodic potentials from the anodic current max-

imum. The positive potential slope of this peak is

less steep than of the current peak on the voltam-

mogram (Fig. 3b). This shows that the status of the

double electric layer typical for Ag monolayer
recovers upon bulk Ag oxidation with a delay,

however, the similarity of QðEÞ in the upd range at

different reversal potential in Fig. 3a makes evi-

dence of a monolayer preservation during the bulk

silver cathodic deposition and anodic oxidation.

The inverses of Rct and Warburg constant A in

Fig. 4 correlate with the dc current, thus confirming

the belonging of the corresponding EEC elements
to the Faraday impedance. We shall not consider in

detail these two parameters in this paper.

With a scan rate increase, the Q increase,

attributed to the monolayer formation, embraces a

smaller potential range, and the anodic peak,

attributed to bulk silver oxidation, becomes less

steep, shifts to higher potentials and finally inter-

flows with the upd plateau that rises with the scan
rate (Fig. 5). So the history of the system shows

itself in the strain of the potential dependences of

the ac response.

Thus, the simultaneous monitoring of ac and dc

responses in Ag upd and opd on Pt with PDEIS

gives the opportunity to control the surface status

with a number of variable parameters of equiva-

lent electric circuits related with different processes
on the interface.
5. Conclusions

The investigation of Ag upd and opd on Pt with

PDEIS has confirmed the role of intrinsic changes

of Pt surface layers in the irreversibility of Ag
monolayer deposition. The preservation of the

double layer pseudocapacitance dependence on the

potential in the upd range after bulk silver catho-

dic deposition and anodic oxidation has uncovered

exceptionally high stability of Ag monolayer. The

multi-parameter monitoring of nonstationary

interfaces provided by PDEIS appears to be a

convenient means of dynamic surfaces control and
this may be of interest for nanotechnological and

nanochemical processes that employ wet surfaces.



320 G.A. Ragoisha, A.S. Bondarenko / Surface Science 566–568 (2004) 315–320
References

[1] G.A. Ragoisha, A.S. Bondarenko, Solid State Phenom. 90–

91 (2003) 103. Available from <http://preprint.chemweb.

com/physchem/0301002>.

[2] G.A. Ragoisha, A.S. Bondarenko, Electrochem. Commun.

5 (2003) 392.

[3] G.A. Ragoisha, A.S. Bondarenko, Physics, Chemistry and

ApplicationofNanostructures,WorldScientific, 2003, p. 373.

Available from <http://preprint.chemweb.com/physchem/

0301005>.

[4] E. Herrero, L.J. Buller, H.D. Abruna, Chem. Rev. 101

(2001) 1897.
[5] A. Vaskevich, E. Gileadi, J. Electroanal. Chem. 442 (1998)

147.

[6] E.D. Mishina, N. Ohta, Q.K. Yu, S. Nakabayashi, Surf. Sci.

Lett. 494 (2001) 748.

[7] A. Lasia, Electrochemical impedance spectroscopy and its

applications. Available from: <http://alfa.chem.uw.edu.pl/

LasiaLecture/EIS1.pdf>.

[8] A. Lasia, Applications of electrochemical impedance spec-

troscopy to hydrogen adsorption, evolution and absorption

into metals. Available from: <http://alfa.chem.uw.edu.pl/

LasiaLecture/EIS2.pdf>.

[9] S. Morin, H. Dumont, B.E. Conway, J. Electroanal. Chem.

412 (1996) 39.

http://preprint.chemweb.com/physchem/0301002
http://preprint.chemweb.com/physchem/0301002
http://preprint.chemweb.com/physchem/0301005
http://preprint.chemweb.com/physchem/0301005
http://alfa.chem.uw.edu.pl/LasiaLecture/EIS1.pdf
http://alfa.chem.uw.edu.pl/LasiaLecture/EIS1.pdf
http://alfa.chem.uw.edu.pl/LasiaLecture/EIS2.pdf
http://alfa.chem.uw.edu.pl/LasiaLecture/EIS2.pdf

	Potentiodynamic electrochemical impedance spectroscopy of silver on platinum in underpotential and overpotential deposition
	Introduction
	Theory
	Experimental
	Results and discussion
	Conclusions
	References


