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Fundamentals of Underpotential Deposition
Importance of Underpotential Deposition in Interfacial Electrochemistry
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Abstract. This article covers the fundamentals of underpotential deposition (UPD), focussing on the importance of
UPD in interfacial electrochemistry. Firstly, this article described the basic concepts of UPD, including underpotential
shift and electrosorption valency. Secondly, the present article explained UPD of hydrogen, followed by hydrogen
evolution or hydrogen absorption, giving special attention to the adsorption sites of hydrogen on metal surface and
the absorption mechanism into Pd. Finally, this article briefly presented the important factors associated with UPD
in various fields of interfacial electrochemistry from practical viewpoints.
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1. Introduction sorption valency. Secondly, we gave the detailed discussion
on UPD of hydrogen, emphasising the adsorption sites of

Underpotential deposition (UPD) is one of the most inter- hydrogen on metal surface and the absorption mechanism
est subjects within the frame of interfacial electrochemistry,into Pd. Finally, we shortly explained the importance of UPD
which has been attracting the attention of both scientists andn electrocrystallisation, electrocatalysis and electrochemical
engineers for a long time. Since the systematic experimentasupercapacitors from practical points of view.
studies on UPD of metals by Lorenz et@lin the 1970's,
knowledge of thermodynamic and kinetic properties of UPD 2. Fundamentals of Underpotential Deposition
in various substrate/adsorbate systems has been accumulated
by numerous researchers. Especially, a significant progress in 2.1. Basic concepts of underpotential deposition
the theory of UPD has been made by Kolb and cowofkers, In order to cathodically deposit Pb on the same bulk metal
who first introduced the concept of underpotential shift in from a solution containing Pb ions, one has to apply potentials
order to describe the thermodynamic properties of UPD. Thenegative to the reversible electrode potential of th&/Pb
basic ideas of UPD have proven to be helpful for an under-couple in that solution, that is, an overpotential should be
standing of the principles underlying the electrosorption, thegiven. This process is denominated “overpotential deposition
electrocrystallisation, the electrocatalysis and many other(OPD)”, which needs a more useful work. However, when
phenomena. Recently, studies on UPD of hydrogen have ledhe substrate is replaced by a different metal, e.g. Au, the
to considerable advance in the development of metal-hydridecathodic deposition of Pb is observed at potentials positive to
secondary batteries and hydrogen-based fuel cells. the reversible electrode potential.

The objective of this article is to overview the fundamental Fig. 1 shows the cyclic voltammogram measured on the
aspects of UPD. For this purpose, we firstly presented theAu electrode in 0.1 M HCIQ solution containing 0.1 mM
phenomena of UPD, giving an example of Pb/Au systemPDb(CIQ,), with a scan rate of 10 mVs This figure was
which is considered as a good benchmark, and alsaeproduced from the result by Deakin and MeRoRuring
described the concepts of underpotential shift and electrothe scanning of the applied potential from 0.4 to -0.55
V(SCE) in the cathodic direction, two current peaks denoted
TE-mail: sipyun@mail kaist.ac.kr as UPD-1 and UPD-2 appear in the potential ranges 0.1 to
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T M, both in equilibrium with the same solution containing

60 T T T T T T T
I 1 dissolved ions of M.
40_' UPD of Pb on Au ] As the first step towards a systematic theoretical study on
e wof ] UPD, Kolb et af* have derived the relationship between the
o » ] underpotential shift and the chemical potential, considering
S of . the following reactions:
> 1 1
s O UPD-1 1 M#" + zgy = My @
c I 4
S <ot 1 M?* + z& = M @)
- . t ]
§ 60 |- UPD-2 . Here, the reactions (1) and (2) represent the deposition pro-
g 0 r l cesses of K ion on the same metal M and on the foreign
I i substrate S, respectively. Applications of the condition for
100 | i electrochemical equilibrium to the reactions (1) and (2) yield
kBulk Deposition |
120 L . i . 1 . 1 \ 1 . 1 Nyz+ + Zf]eM = Nviy (3)
-0.6 -0.4 -0.2 0 0.2 0.4
Applied Potential / V(SCE) Myze + Zeg = Nuis 4)

Fig. 1. The cyclic voltammogram obtained from the Au electrode in respectively, wherej, denotes the electrochemical potential
0.1 M HCIO, solution containing 0.1 mM Pb(CIQ), with a scan 4t the particle species k. Since thé*Nbns in the reactions
rate of 10 mV s.» UPD-1 and UPD-2 represent the current peaks (1) and (2) are assumed to be in equilibrium in the same
due to the underpotential deposition of Pb on the Au electrode. . : . ' .
solution, their electrochemical potentialg,.+ in Egs. (3)
and (4), should be the same. By combining Egs. (3) and (4)
-0.1V (SCE) and -0.2 to -0.3 V(SCE), respectively, before using the relatiomy = i + zeg (phasea =M or S), the fol-
the bulk deposition of Pb below -0.5 V(SCE). Both current lowing expression for the underpotential skif,rp can be
peaks of UPD-1 and UPD-2 are assigned to the deposition obbtained:
Pb on the Au electrode, and the charge determined by the

: : -4 -1

mtegra.\t.lon of these current peaks corresponds to that for the Ag,pp = zeA“'V' /s = ze(“'V'M ~Hny) )
deposition of a monolayer of Pb on that electrode. The above

phenomenon is referred to as “underpotential deposition where e is the electronic charge, amgM W@ repre-

(UPD)”, because it occurs at potentials positive to the reverssent the chemical potential of the metal atom M adsorbed on
ible electrode potential for the bulk deposition, namely, underitself and the chemical potential of the metal atom M
the application of underpotential. This process needs a lesadsorbed on the foreign substrate S, respectively. Note that
useful work. g is a function of coverage by the adsorbed metal atom
Generally, UPD is defined as the electrochemical formationM. Eq. (5) clearly shows that the underpotential shiftpp
of non-bulk surface layer at potentials positive to the reversibleis linearly correlated ta\uyys. Schmickle? has also derived
electrode potential for the bulk deposition of the adsorbate.the above relationship betwedqpp and Auys by employ-
However, it should be noted that UPD is a rather generaling thermodynamic cycle.
phenomenon observed in anodic reaction as well as cathodic The fact that the underpotential shift has a mutual relation-
reaction. For example, UPD of oxydehtakes place at ship with the work functions of substrate and adsorbate has
potentials negative to the reversible electrode potential forbeen disclosed experimentally by Kolb and coworRets.
oxygen evolution reaction as an anodic oxidation, which isthe study on the UPD of several substrate/adsorbate couples

similar to UPD of hydrogen. in aqueous and non-aqueous solutions, they have plotted the
underpotential shifd@pp against the difference in work
2.2. Underpotential shift function between substrate and adsorl®d®,s = &s- Oy,

The underpotential shift has been used as a way of charaand have found a linear relationship betwAepep andA® s
terising UPD, which is closely related to thermodynamic and with a slope of 0.5V eV. Assuming that the bonding char-
physical quantities such as chemical potential, work functionacter between substrate and adsorbate is fully ionic when
and binding energy. The underpotential shift was definedcoverage by the adsorbate is approximated to zero, Tt3satti
originally by Kolb et af* as the difference in potential has theoretically obtained the following relationship between
between the current peak due to the desorption of a metal MAg@pp and A@ys:
adsorbed on a foreign substrate S and that peak correspond-
ing to the dissolution of the pure metal M. In later, L&8iva A%PD:%A(DM/S = %(GJS—GDM) (6)
has generalised the concept of the underpotential shift as fol-
lows: the equilibrium potential of the substrate(S)/adsor- In a recent theoretical work on UPD, Sanchez and teiva
bate(M) system at a given degree of coverage by thehave predicted a linear relationship between the underpotential
adsorbate, measured with respect to an electrode of the metahift Agpp and the difference in binding energfg,(M/S),
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with the aid of a first-principles calculation based on density 150 . . . T . , T
functional theory:

UPD of H on Pt

A(pUPDzzieAEb(M/S) = Z—le[Eb(M ~M)-E,(M-S)] (7)
where Ep(M-M) and Ey(M-S) mean the binding energy 50 -
between atoms in pure metal M and that energy betweel
adsorbed metal atom M and substrate S, respectively. Consi
quently, from the above results obtained with some thermo-
dynamic considerations, it is noticed that the underpotential
shift provides the valuable information on the necessary con
ditions for the occurrence of UPD and the binding character-
istics between two substances involved in that process.

-50

Current Density / A cm™

-100 -

2.3. Electrosorption valency I \—UPD-1
The electrosorption valency describes the charge flow dur- N0 3 P v
ing electrosorption reactio:*¥ That is, it represents the

charge required for the following UPD process at a constan Applied Potential / V(RHE)
potential: Fig. 2. The cyclic vqltammogram measqred on the spherical single
crystal Pt electrode in 0.5 M HBSO, solution with a scan rate of 50
M#* + yeg = M@+ 8) mV s9 The cyclic voltammogram exhibits two current peaks,
UPD-1 and UPD-2, corresponding to the underpotential deposition
Here,yis the electrosorption valency, and the structure of theof hydrogen on the Pt electrode.

double layer and the adsorption/desorption of water mole-
cules are ignored. The value ptan vary between 0 and z,
depending on the orientation of the adsorbed layer or thenvestigated by employing cyclic voltammetry, giving excel-
substrate surface. lent resolution of the surface processes that are involved. A
The electrosorption valency is determined by a ratio of typical example is presented in Fig. 2. The cyclic voltammo-
the charge passed during the UPD process to coverage by tlggam in Fig. 2 which was taken from the result by Clavilier
adsorbate. The methods for measurement of coverage by thand Armand) was obtained from the spherical single crystal
adsorbate include radiotracer technique and electrochemicdPt electrode in 0.5 M 80O, solution with a scan rate of
methods such as cyclic voltammettyln addition, electro- 50 mV s'. As the applied potential moves from 0.8 to
chemical quartz crystal microbalance (EQCM) technique is0.07 V(RHE) in the cathodic direction, two current peaks
useful for evaluating coverage by the adsorbate, since itdesignated as UPD-1 and UPD-2 emerge due to the deposi-
allows the direct measurement of the mass of the adsorbetion of hydrogen on the Pt electrode in the potential ranges
atoms during the UPD proces¥:1® The general topic of 0.3 to 0.2 V(RHE) and 0.15 to 0.07 V (RHE), respectively. It
electrosorption and the experimental methods used for theshould be stressed that these current peaks appear above
determination of electrosorption valency have been reviewed) V(RHE), i.e. at potentials positive $,er, indicating the

by Schultze and KoppitZ:*¥ UPD of hydrogen. In general, it is well known that a layer of
underpotentially deposited hydrogen atomgpgjl is formed
3. Underpotential Deposition of Hydrogen on such metal surfaces as Pt, Rh, Ir and Pd, prior to the
onset of the hydrogen evolutidf.
3.1. Overpotential deposition and underpotential dep- The UPD of hydrogen on the surface of metal M in aqueous
osition of hydrogen acid solution at potentials abo#er may be represented by

The mechanism of hydrogen evolution in aqueous solutionthe following reaction:
involves the formation of an adsorbed hydrogen atom
(Volmer adsorption), an electrochemical desorption of hydrogen
into solution (Heyrovsky desorption) and a chemical desorptionA Langmuir type electrochemical isotherm for this reaction
by the combination of two adsorbed atoms (Tafel desorp-can be written &9
tion).1% Among these reactions, the Volmer adsorption cor-
responds to the OPD of hydrogen at potentials negative to the 64, = a.ex DEFCL, E,_AGads(HUPD)EI (10)
reversible electrode potential for hydrogen evolution reaction 1-6, - PORT pD RT 0
Ener, Which is measured to be 0V with respect to a reversible
hydrogen electrode (RHE). This overpotentially deposited where . is the surface coverage bypht a, - the
hydrogen (Hpp) acts as an intermediate in the subsequentactivity of hydrogen in the solutiork, the applied potential
hydrogen evolution reaction. and AGgy{Hypp) represents the standard Gibbs free energy

Since the first recognition of UPD of hydrogen on a Pt of adsorption which is a function . In a similar way,
surface by Frumkin and Slygifi?? it has been extensively the OPD of hydrogen at potentials beIEWER and the corre-

M + H3O" + a4 = MHypp + H,O 9)
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sponding electrochemical isotherm may be expressed by th (111} Surace
same formulae as reaction (9) and Eq. (10), respectively of FCC
However, it is worthwhile noting that the adsorption sites of

Hurp and Hypp on the metal surface as well as their standard il _"‘a_

Gibbs free energies of adsorpti(m;gds(H) can be quite ;”'"Hi fILE
distinguishabl&329) f w4 3-dold site
As a matter of fact, from the studies on the effects of sul- ; - r‘ff_.}f ;I H

phur atoms on the adsorption of hydrogen and the subse ‘ﬁﬁ‘n"
quent hydrogen evolution on the Pt electrode, Marcus anc g.jam st ,fﬁ; “"_x “-I I-forld site
Protopopoft>?® have reported thatJdp and Hyep are distinct " |

. Hisn
cally significant adsorbed species acting as the intermediatt
in the hydrogen evolution reaction is nqjphl but, rather, Hep.

Many works®3®? on the UPD and OPD of hydrogen have
focussed on the determination of the true adsorption sites Ofjg. 3. schematic diagram of (111) surface of the FCC metals on
Hueo and Hyep on the metal surface, by employing Fourier which the Hypp and Hopp occupy a three-fold hollow surface site
transform infrared (FTIR) and other spectroscopies. In thoseand an on-top site, respectively. (), and HJ, represent the
works, the baseline shift observed at the modulation potentia_hydroqe” atom in a three-fold octah_edral surfa'ce site and that atom
aboveE,er was attributable to the increase in the reflectivity In a three-fold tetrahedral surface site, respectively.
of the metal surface on the adsorption of strongly bound
hydrogen corresponding togkb. As the modulation potential not Hypp can be absorbed into Pd at potentials atifye.
moved towards and beyori gz, new absorption bands For the purpose of giving the desired answer to this question,
appeared on the IR spectra, and these bands were assignedJerkiewicz and Zolfagh&® have performed a series of
the formation of weakly bound hydrogen corresponding to cyclic voltammetric measurements on the Pd electrode in the
Horp potential range for the UPD of hydrogen. They have found

The experimental results concerning the adsorption sites othat when the cathodic potential limit in the cyclic voltam-
Hupp and Hypp can be summarised as followsydd occupies metry was decreased gradually from 0.4 to 0.16 V(RHE),
a three-fold hollow site on (111) surface of the face-centerednew current peaks markedly different from those peaks due
cubic (FCC) and a four-fold one on (100) surface, forming ato the UPD of hydrogen emerged below 0.3 V(RHE). They
covalent bond with the substrate metal. On the other handhave assigned these new current peaks to the absorption of
Hopp resides on top of the surface metal atom (on-top site),hydrogen into Pd, and have concluded that the absorption of
and is bound less strongly to the substrate metal than iwydrogen can arise not only fromphh, but also from Igep,
Hupp. It has been also recognised thapblinteracts with depending on the applied potential range.
H,O molecules, whereas kb does not form a bond with It is readily expected that the absorption mechanism of
H,O molecules. The (111) surface of the FCC on which Hypp into Pd differs from that of &bp, because of the distin-
Hupp and Hbpp occupy the three-fold site and the on-top site, guishable adsorption sites of,kd and Hypp. On the basis of
respectively, is illustrated in Fig. 3.ykb can be located in
two kinds of three-fold hollow sites on the (111) surface of
the FCC, i.e. the tetrahedral site and the octahedral site. Th
theoretical calculation based upon embedded atom methor
(EAM) indicates that the octahedral site is energetically pre-
ferred for Hypp to the tetrahedral or®.

species occupying different surface sites, and that the kineti Tkl {\u_—rﬂr j

(111) Surface
of FCC

3.2. Underpotential deposition of hydrogen on Pd
and its relation to hydrogen absorption

It has been known that the hydrogen evolution reaction on
various transition metals such as Pd, Ti, Zr, and Ni is accom-
panied by the simultaneous absorption of hydrogen into the
metal from a layer of adsorbed hydrogen atoms. For this rea
son, the role of adsorbed hydrogen in the absorption intc
such metals has been extensively investigated. Particularly
Pd has been mainly employed in studies designed to explor:
the absorption of hydrogen, since it exhibits the relatively T ) )
high hydrogen solubility and diffusivif}‘).’ Fig. 4. Schematic view of the mechanism of hydrogen absorption

. . h icioating in the hvd into FCC metals through the (111) surface. kk is the subsurface
It is not surprising that &bp participating in the hydrogen hydrogen located between first and second surface layers, andyl

evolution reaction also undergoes the absorption into Pd aindicates the hydrogen absorbed into an interstice below the second
potentials belowE,gr. However, it is not clear whether or surface layer.
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the adsorption sites of g and Hypp discussed in the previ-  cells?*®4? From the cyclic voltammograms measured on the
ous section §3.1, Jerkiewicz and Zolfagffahiave suggested Pt electrode in alkaline solutions, Beden etZlhave
the atomistic mechanism of hydrogen absorption into FCCobserved that underpotentially deposited metal atoms such as
metals through the (111) surface, which is visualised in Fig.Pb and Bi enhance the electrocatalytic activity of the Pt elec-
4. According to Fig. 4, the first step of the absorption of trode on the oxidation of methanol, whereas underpotentially
Hyupp Occupying a three-fold octahedral surface site involvesdeposited Cd and Tl decrease the oxidation rate of methanol
the interfacial transfer to a subsurface site between two surfacen that electrode. The positive effect of Pb and Bi on the
layers (Hg). The next step is the absorption into an interstitial electrocatalytic oxidation of methanol has been explained
site below the second surface layeg,@ followed by diffu- through the bi-functional theory of electrocatalysis developed
sion towards the interior of the bulk metal (mechanism [). by Watanabe and Mot8%*Y, and the negative effect of Cd
Hopp OCcupying an on-top site first moves to a three-fold and Tl has been analysed in terms of the inhibiting behaviour
tetrahedral surface site (), and subsequently undergoes of these metal atoms.
the interfacial transfer and the absorption, by taking the same In recent times, the major interest has been manifested in
steps as those in mechanism | (mechanism II). Thus, in thixommercial development of electrochemical supercapacitors
case, Hpp in the three-fold tetrahedral surface site behavesbased upon the UPD of hydrogen or metal atoms that gives
as an intermediate of the absorption process. Consideringise to large adsorption pseudocapacitance. Cotityas
that the absorption of hydrogen into Pd can take place fromcontributed substantially to the understanding of adsorption

Huep aboveEer and from both Igep and Hypp below Eyer, pseudocapacitance and its application to electrochemical
it seems to be reasonable to say that mechanism | can be satupercapacitors. He has reported that the adsorption
isfactorily applied to the absorption process ab&yger, pseudocapacitances associated with the UPD of hydrogen on
while both mechanisms | and Il can be effective belipiai. Pt, Rh and Ir are 10-100 times greater than the double-layer
capacitances at the same electrodes, giving the possibility of

4. Underpotential Deposition from utilising them in high power devices.

Practical Viewpoints
5. Concluding Remarks

UPD is of much greater interest from the practical points
of view, since it represents important factors in many areas The present articldirst explained the fundamentals of
of electrochemistry including electrocrystallisation, electroca- UPD, including the concepts of underpotential shift and elec-
talysis, corrosion and supercapacitor, some of which aretrosorption valency. Then, this article presented UPD of
briefly discussed below. hydrogen on metals, giving emphasis to the adsorption sites

Fundamental aspects of UPD are directly related to elec-of hydrogen and the absorption mechanism into Pd. Finally,
trocrystallisation (electrodeposition) of metals and alloys. the present article briefly described the importance of UPD
The most important parameter determining the mechanism ofn the fields of electrocrystallisation, electrocatalysis and
electrocrystallisation is the binding energy between depositecelectrochemical supercapacitors.
metal atoms and substrate, provided that the crystallographic UPD is now a well-established phenomenon. A large num-
misfit between deposited layer and substrate is igndf8d.  ber of substrate/adsorbate systems exhibiting UPD have been
In case that the binding energy between adsorbed metagxamined by using conventional electrochemical techniques
atoms and substrate is lower than that energy between aton®ich as cyclic voltammetry to evaluate thermodynamic and
in the bulk metal of adsorbate, three-dimensional nucleationkinetic properties of UPD. In the last few years, a renewed
and growth take place in the OPD range, according to thenterest in UPD has been stimulated by the introduction of
‘island growth’ or ‘Volmer-Weber’ mechanism. scanning tunneling microscopy (STM) to investigate URD

On the other hand, the sufficiently high binding energy situ.**%4The STM provides a powerful tool to characterise
between adsorbed metal atoms and substrate leads to twdhe structure and morphology of surface layer formed during
dimensional nucleation and growth in the UPD range by theUPD process. Consequently, the combinations of STM and
‘layer-by-layer’ or ‘Frank-Van der Merwe’ mechanism. conventional electrochemical techniques are expected to sat-
Recently, two-dimensional phase formation based upon UPDsfy the need for understanding UPD in relation to surface
process is becoming an accepted method for the formation ophase transition, cluster formation, ordered adsorption and
thin films for electronic devices in atomic levef® As an other surface processes.
example, electrochemical atomic layer epitaxy (EC-ALE) for

deposition of compound semiconductor thin films such as Acknowledgements
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Among the interesting aspects of UPD, the most attractiveproject.
one is its influence on electrocatalysis of organic substances.
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