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Metal Cations Promote Coupled-Ion-Electron 
Transfer During Deposition and Corrosion

E. I. Stern, K. A. Thurman, F. Brito dos Santos, P. A. Kempler*

1Department of Chemistry and Biochemistry and the Oregon Center for Electrochemistry, 

University of Oregon, Eugene, OR, USA

*Correspondence: pkempler@uoregon.edu

Abstract: 

During electrodeposition and corrosion reactions, dissolved metal ions transfer across the 

electrochemical double layer, undergoing changes in their solvation environment and oxidation 

state. The solvent reorganization during charge transfer is expected to increase with the charge 

density of the dissolved species, but the mechanistic pathway of cation (de)solvation remains 

poorly understood. Here, we have quantified the kinetics of underpotential deposition for two ions 

associated with rapid metal deposition kinetics: Cu2+ and Ag+, at site-defined Au(111) surfaces for 

deposition and corrosion. Both metal adsorbates exhibited reversible adsorption kinetics at low 

coverage and slow scan rates, along with a symmetric transfer coefficient, α ~ 1/2, consistent with 

a single electron/ion transfer during the rate determining step. The standard rate constant for Ag+ 

transfer was within an order of magnitude of reported adiabatic electron transfer rate constants, 

and the kinetics of Cu2+ transfer were consistent with the rate determining step involving metal 

adsorption. The self-exchange rate for both Ag+ and Cu2+ transfer exhibited a reaction order of 

~2α with respect to cation concentration, indicating that metal cations promote their own ion 

transfer step and a self-consistent mechanism involving solvent exchange prior to ion transfer is 
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proposed. Insights from this kinetic model could support improved additives for metal deposition 

in semiconductors, redox-flow battery electrolytes, and electrorefining processes for energy-

critical metals.

Introduction: 

Electrochemical deposition and corrosion of transition metals are a class of reactions 

fundamental for batteries, industrial refining of metals, and advanced manufacturing of 

semiconductor devices. The electrochemical corrosion and deposition of Cu2+ is used to refine 

nearly all Cu metal used in wiring, electronics, and plumbing; advanced embodiments of Cu and 

Ag deposition are used to form interconnects within nano- to micro-scale vias in most 

semiconductor devices.1–3  Nevertheless, the elementary steps associated with aqueous deposition, 

particularly of multivalent species, remain poorly understood such that strategies to control 

deposition and corrosion are identified empirically.4 The microscopic steps associated with 

transferring a solvated ion across the electrified solid-liquid interface are generally made 

complicated by ill-defined electric fields, large solvation energies, and a poorly defined population 

of adsorbates and adsorption sites—collectively, these steps are referred to interfacial ion transfer, 

IIT.5–7 Resolving microscopic steps associated with metal IIT can clarify our understanding of the 

dynamic structure of electrified interfaces and provide a unifying theory for ion transfer reactions 

to connect with established theories of electron transfer.8,9 

The adsorption of a metal cation is an IIT reaction required for electrochemical deposition 

and should involve (in no particular order) electron transfer(s) to the cation, adsorption to a surface 

site, loss of the solvation shell, and reorganization of the local double layer structure. Conway 

claimed that the reduction of Cu2+ to Cu+ is the rate determining step (RDS) for Cu deposition 

whereas Ag+ IIT becomes the rate determining step for Ag deposition at high overpotentials.10 The 
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standard rate constants for Co2+, Ni2+, and Fe2+ deposition are 103–105 times less than those for 

Ag+ and Cu2+, which may be related to the fact that the former metals lack a stable +1 oxidation 

state.10 Gileadi noted the curiosities associated with high exchange current densities for metal 

deposition relative to the comparable rates of outer-sphere electron transfer and proposed a 

mechanism in which the free energy of the system is lowered through a gradual delocalized 

electron transfer from the metal to the solvated ion which lowers the energy for the stepwise 

removal of water molecules.11 More recent simulations and experiments have suggested that 

aqueous Ag+ may approach within a few angstroms of the surface before undergoing a rapid 

transfer enabled by favorable interactions between the Ag 5s orbital and a delocalized sp band 

from the metal.12,13 These findings provide insights into rapid kinetics for monovalent metal 

deposition but fail to resolve the more complex picture required for understanding the deposition 

and corrosion of multivalent metal ions.14–18  

Underpotential deposition (UPD) on site-defined Au surfaces is a well-suited system for 

addressing the complexities of interfacial ion transfer. UPD is a phenomenon where ions are 

adsorbed onto the surface at potentials more favorable compared to the standard reduction potential 

where the deposition would be expected. This phenomenon is caused by more favorable surface-

adsorbate interactions compared to the adsorbate adsorbing on to itself. UPD is thus an inherently 

self-limiting process, and the surface coverage is a state function that can be easily controlled by 

the applied electrochemical potential. UPD on a wide variety of single crystal surfaces have well 

characterized surface phases and phase transitions.19–21  Cu and Ag UPD at Au(111) is a suitable 

model system to compare the mechanism for IIT for monovalent and divalent metal cations, as 

both metals have similar lattice constants and exhibit kinetic regions of quasireversible 

adsorption/desorption. Whereas Cu2+ can be repeatedly adsorbed/desorbed from the Au surface, 
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Ag participates in exchange with surface Au atoms which has previously hindered the 

characterization of Ag+ adsorption.22,23 

Here, we conduct site-defined measurements of transition metal IIT kinetics for Ag+ and 

Cu2+ at Au(111) in two non-coordinating electrolytes to develop a microscopic framework for 

metal deposition and corrosion. The use of an inert and well-defined Au(111) substrate for 

adsorption allowed kinetics to be quantified with a known number of active sites and a known 

coverage of adsorbed intermediates, neither of which are possible at a growing/corroding metal 

surface. Divalent Cu2+ adsorption is shown to be controlled by a single charge transfer step with a 

symmetric transfer coefficient and an adsorbed product. The reaction order of metal ion transfer 

was quantified with respect to the concentration of dissolved metals and the coverage of 

intermediates, indicating the presence of a multistep adsorption mechanism present even for 

elementary univalent ion transfer. 

Experimental Methods: 

Chemicals: Deionized water with a resistivity of 18.2 MΩ cm, DI H2O, was obtained from 

a laboratory water purification system (Thermo Scientific Barnstead Nanopure). Perchloric acid 

(HClO4, 10.25 M, TraceMetal Grade) and sulfuric acid (H2SO4 96% aq, TraceMetal Grade) were 

obtained from Fisher Chemical, whereas silver perchlorate monohydrate (99.999% metals basis) 

and copper(II) oxide (99.99% trace metals basis) were obtained from Sigma-Aldrich. Silver 

perchlorate monohydrate and copper(II) oxide were used as sources of Ag+ and Cu2+, respectively, 

for all experiments.

Electrodes: Au(111) surfaces were prepared from thermally evaporated Au (4N) on 

titanium-coated glass slides (GOLD SEAL®, Electron Microscopy Sciences). Slides were cleaned 
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in an oxygen plasma for 15 min before being transferred to a thin-film deposition system 

(Angstrom Engineering). A 17 nm adhesion layer of Ti was deposited via electron beam 

evaporation followed by 200 nm of thermally evaporated Au. As-deposited Au electrodes were 

annealed under a butane flame and cooled in an Ar(g) stream before being transferred to cell 

environment. X-ray diffraction of these surfaces indicated that the surface was primarily oriented 

to expose the Au(111) surface after annealing (Figure S1) A flame-cleaned Pt wire (99.997% 

metals basis, Thermo-Scientific) served as the counter electrode. A high purity Ag wire (99.999%, 

Thermo-Scientific) or Cu wire (99.999%, Alfa Aesar) served as quasi-reference electrodes and 

were protected behind a fritted glass pipette filled with an electrolyte identical to that in the cell to 

avoid contamination. Quasi reference electrodes were checked against a mercury sulfate reference 

electrode in saturated potassium sulfate (MSE) after voltammetry experiments.

Electrochemistry: Glassware was cleaned in H2SO4 with a persulfate-based oxidizing 

agent (Alnochromix) for >24 h to remove trace contaminants and then boiled three times in DI 

H2O. Solutions were purged under ultrahigh purity Ar (99.999%) for at least 15 minutes and kept 

blanketed with a gentle flow of Ar during experiments. Cu-containing solutions were prepared by 

dissolving CuO in HClO4 and all Ag-containing solutions were prepared by dissolving 

AgClO4·H2O in HClO4. All electrochemical data was collected on a Bio-Logic SP-300. Reported 

electrochemical potentials, E, are referenced to a mercury sulfate electrode (MSE) or the reversible 

potential for metal deposition at Cu or Ag (Erev). Erev for Cu was ~ –410 mV vs MSE for 1 mM 

CuO in 100 mM HClO4 and Erev for Ag was ~ –40 mV vs MSE for 1 mM AgClO4 in 99 mM 

HClO4. Stability of the Au(111) interface was checked by sweeping the potential at a scan rate (ν) 

of 25 mV s–1 until a steady electrochemical response was reached (3–10 cycles). For measurements 

on Cu adsorption kinetics, the potential was cycled repeatedly from 0.000–0.600 V vs Erev at 
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various ν and the second cycle was used for analysis. For Ag UPD, the surface quality was 

confirmed using voltammetry at 25 mV s–1 and then the potential was stabilized at 0.300 V vs Erev 

for 10 s before a series of linear sweeps were collected from 0.300–0.585 V vs Erev at various ν. 

For both Cu and Ag, ν was varied from 25 mV s-1 to 50 V s-1, with high concentrations of 

adsorbates or supporting electrolyte requiring faster ν to observe the impact of kinetics.

Results: 

Cyclic voltammetry of Cu2+ at Au(111)-textured electrodes in HClO4(aq) yielded a broad 

adsorption wave from –0.40 to –0.15 V vs MSE with a sharp desorption wave from –0.20 to –0.05 

V vs MSE, characteristic of UPD of Cu on Au(111) in HClO4(aq) (Figure 1a).24,25 The current 

response from E = –0.15 to 0.00 V was equal and opposite for the scans in the negative and positive 

directions, consistent with a reversible adsorption process.
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Cyclic voltammetry of Ag+ at Au(111)-textured electrodes in HClO4(aq) yielded a 

reversible adsorption peak between E = 0.45–0.55 V vs MSE, a broad, capacitive region from E = 

0.15 – 0.50 V, and a sharp irreversible adsorption peak from E = –0.05–0.05 V; all cathodic charge 

was balanced by commensurate desorption peaks and were qualitatively consistent with Ag UPD 

at Au(111) single crystals in HClO4(aq) (Figure 1b).26,27 The total integrated charge from E = –

0.050 to 0.550 V was 276 µC cm-2, which is consistent with the reported value for Ag+ adsorption 

at Au(111) crystals from HClO4 electrolytes and slightly greater than the theoretical value of 222 

µC cm–2 for a close packed monolayer of Ag. We focused on potential regions yielding reversible 

and low coverage of adsorbates such that charge passed could be assigned to isolated adsorbates 

on a site-defined metal surface. The measured current density was normalized to scan rate, j/ν, and 

all potentials were measured against the equilibrium potential for bulk deposition/corrosion in the 

working electrolyte. 

Figure 1: (a) Cyclic voltammetry of Cu UPD on Au(111) in 0.001 M Cu(ClO4)2 and 0.098 M HClO4
 

(0.100 M ClO4
–). (b) Ag UPD on Au(111) in 0.001 M AgClO4 and 0.099 M HClO4

 (0.100 M ClO4
–). The 

gray traces in (a) and (b) represent the CV of Au(111) in 0.100 M HClO4 (c) Cyclic Voltammetry of Ag 
UPD on Au(111) in a solution of 0.001 M Ag ClO4 and 0.099 M HClO4

 (0.100 M ClO4
–) as a function of 

time spent in solution. All scans were recorded at 25 mV/s and initially swept in the negative direction.

Page 7 of 29 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
2:

27
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SC00974C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00974c


8

The stability of Au(111) surfaces in solutions containing Ag+ was investigated using 

voltammetry and X-ray photoelectron spectroscopy (XPS). Following the scans for Ag UPD a 

positive potential shift for the charge in the reversible E region of < 5 mV was observed and XPS 

analysis revealed that < 3.5 % (as a ratio of Ag/(Ag+Au), Table S1) of the surface Au atoms had 

been replaced with Ag. After 20 min of potential cycling, the peak potential had shifted positively 

by > 20 mV, with > 10 % Ag present at the surface of the Au(111) electrode (Figure 1c and 

Figure S2). Further analysis was restricted to electrodes with low extents of Ag-Au alloying on 

the surface, < 3%, such that most of the adsorption sites could be described by three-fold hollow 

sites coordinated with Au atoms. The peak binding energies for the remaining Ag (368.3 eV) 

detected in the Ag3d region were consistent with Ag (368.2 eV) metal rather than Ag+ (e.g. AgCl, 

367.4 eV).28
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The integrated charge in the potential range 0.15–0.39 V and 0.46–0.58 V vs Erev for Cu 

and Ag, respectively (Figure 2a, Figure 2d, Figure S3), was normalized to the theoretical charge 

density of a full monolayer on Au(111) (𝑄∗
Cu = –0.44 mC cm-2, 𝑄∗

Ag = –0.22 mC cm-2) to estimate 

metal coverage, θM (Figure 2b, Figure 2e, eq 1). 

𝜃M(𝐸) = 1
𝑄∗

M
∫𝐸f

𝐸i

𝑗
𝜈

d𝐸            (1)

Figure 2: (a) LSV of Au(111) in 0.003 M AgClO4 and 0.097 M HClO4
 (0.100 M ClO4

–) in the Ag UPD 
quasireversible region normalized to scan rate (ν = 0.05, 0.25, 1, 10, 25 V s–1). (b) Scan rate dependent Ag 
coverage (𝜃

Ag
). (c) Apparent interfacial ion transfer rate (r

app
) of Ag+ as a function of surface overpotential 

(ξ) at 𝜃
Ag

 = 0.05. Markers represent individual trials and the transfer coefficient, α, was assumed to be 0.5 
when fitting the data. Gray dotted and dashed lines represent an alternate fit with α = 0 or α = 1, respectively. 
(d) CV of Au(111) in 0.003 M Cu(ClO4)2 and 0.094 M HClO4

 (0.100 M ClO4
–) in the Cu UPD 

quasireversible region normalized to (ν = 0.025, 0.05, 0.25, 1.0, 5.0 V s–1). (e) Cu coverage (𝜃
Cu

) as a 
function of scan rate obtained by integrating the Cu UPD region. (f) r

app
-ξ behavior for Cu2+ at 𝜃

Cu
= 0.05. 
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At ν < 1.0 V s–1
 the current response of Ag+ was linear with ν (Figure S4) and the peak potential 

was invariant with ν, both of which are consistent with reversible desorption kinetics. At ν > 1.0 

V s–1, a positive potential shift in the scan-rate-normalized current response was observed. The 

Cu2+ adsorption response began to shift negative at ν > 0.25 V s–1. The apparent rate of metal IIT 

(rapp) was calculated using equation 2,

𝑟app = |𝑗M(E)|
𝑄∗

M
               (2)

where jM(E) is the current density corrected for double layer charging in the absence of either 

dissolved Cu or Ag. Details on the methods used to correct for double layer charging are available 

for both species (Supplementary Information, S2). The dependence of the IIT rate on the surface 

overpotential, ξ (E–Eeq)—an expression of the difference between the applied electrode potential 

and the experimentally observed equilibrium potential for a given coverage—was fit to a 

generalized Butler-Volmer relationship assuming that the charge transferred during the RDS (eq 

3) 

𝑟app =  𝑟𝑜𝜃1―𝛼
M (1 ― 𝜃M)𝛼 exp 𝛼𝑒𝜉

𝑘B𝑇
― exp ―(1―𝛼)𝑒𝜉

𝑘B𝑇        (3)

 where α, e, kB, T, and r0 are the transfer coefficient, elementary charge, Boltzmann constant, 

temperature, and exchange rate, respectively (Figure 2c, Figure 2f). This method of analyzing 

scan-rate-dependent voltammetry data has previously been employed in studies on H adsorption 

on Pt(111), OH* adsorption on Pt(111), and for Cu adsorption on Au(111).29–31  For all 

experimental conditions, the data was well described by assuming a consistent value for α of 0.5.

The exchange rate for Ag IIT increased from 28–173 s–1 for [Ag+] = 1 to 10 mM, 

respectively when the total [ClO4
–] was 0.100 M. A similar trend was observed in electrolytes 
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containing 1.00 M ClO4
– , with r0 ranging from 

30–470 s-1 over [Ag+] = 1–10 mM (Figure S5). 

The apparent r0 was constant for 𝜃Ag = [0.04–

0.08], suggesting the kinetic model was 

appropriate (Figure S6a). Cu IIT at identical 

concentrations and coverages yielded more 

sluggish kinetics, with r0 ranging from 4–35 s-1 

and 5–70 s-1 in 0.100 and 1.00 M ClO4
–, 

respectively (Figure S7). 

To understand the interactions between 

divalent cations and divalent SO4
2–, a common 

component of metal plating and refining baths, we 

additionally quantified the adsorption kinetics for 

Cu2+ in H2SO4. Cu UPD at Au(111) surfaces in 

sulfate solutions yielded a characteristic set of 

peaks associated with two distinct surface phases and a broad, quasireversible region at E > 0.23 

V vs Erev which was used for kinetic analysis (Figure S8). The total adsorbed charge prior to 

kinetically irreversible phase transitions was greater in H2SO4 electrolytes and so these samples 

were used to conduct stripping voltammetry data in a similar manner to Ag (Figure S9). For ν < 3 

V s-1 a single peak corresponding to the reversible region positive of the first phase transition was 

present (Figure S9a), for ν > 10 V s-1 multiple peaks appeared around the region that charge 

equivalent to θCu = 0.050 remained on the surface (Figure S9b). At a surface coverage of 5%, θCu 

= 0.050 and 0.100 M SO4
2–, the exchange rates measured from scans in the adsorption direction 

Figure 3: The apparent interfacial ion transfer rate 
(r

app
) for 0.001 M Cu2+ in 0.100 M SO4

2- as a 
function of ξ at θCu = 0.05. Each set of symbols 
represents one experiment in which both 
adsorption and desorption experiments were 
collected in the same cell with the same electrodes. 
The different markers represent the experimental 
repeats. The solid black line represents the 
averaged line of best fit, and the grey dashed lines 
represent one standard deviations of the fit. 
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(11 ± 2 s–1) and desorption direction (11 ± 4 s–1) were in quantitative agreement (Figure 3, Figure 

S6c, S7) and slightly higher than the exchange rate for adsorption measured in 0.100 and 1.00 M 

ClO4
– (Figure S6b, Figure S7).

Both Cu and Ag show an increase in the r0 as the concentration of the respective metal 

cation increases as well as modest relationship between r0 and the supporting electrolyte 

concentration (Figure S5, Figure S7). The reaction order, mX, was described by

mX = ∂log(r0)/ ∂log([X]) (4)

where [X] is the molarity of the species X. The change in r0 with respect to [Ag+] is 0.78 ± 0.09 

and 1.2 ± 0.07 in 0.10 and 1.00 M ClO4
–, respectively. Similar m were measured for Cu2+(aq): 0.99 

± 0.06 and 1.1 ± 0.1 at the same respective [ClO4
–] as well as 1.00 M HSO4

–/SO4
2– (m = 0.80, 

Figure 4: Equilibrium exchange rate (r
0
) of metal cations versus the concentration of the respective metal 

cation ([X] = 1.0 mM, 3.0 mM, 10.0 mM), measured at 5% coverage. (a) The exchange rates for Ag+ 

(blue) and Cu2+ (orange) in 0.1 M ClO4
– (b) The exchange rates for Ag+ (blue) and Cu2+ (orange) in 1 M 

ClO4
–. Circles represent experimental data, the error bars representing the standard deviation across three 

separate trials. The solid-colored lines represent the reaction order of the rates with respect to 
concentration. (X = Ag+ or Cu2+). The apparent reaction order, m, was measured from the slope ∂log(r0)/ 
∂log([X]).

Page 12 of 29Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
2:

27
:1

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SC00974C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc00974c


13

Figure 4 and Figure S10). Figure 5 presents the trend in Cu2+ exchange rates for increasing 

supporting electrolyte concentrations. In solutions containing 1 mM Cu2+, r0
 increased from 1.2 ± 

0.5 to 14 ± 0.1 s-1 when the concentration of HClO4(aq) increased from 0.010 to 10 M HClO4(aq) 

(Figure 5). The mHClO4 was 0.33, indicating that 

increased supporting electrolyte concentrations led 

to a moderate, positive impact on Cu2+ IIT kinetics. 

However, similar experiments in H2SO4(aq) 

electrolytes yielded increased r0 at low [SO4
2–] and 

mH2SO4 (0.05) was inconsistent with an electrolyte 

concentration effect, indicating that the identity of 

the supporting anion is dominant relative to H3O+. 

At increased concentrations of H2SO4, the initial 

stages of Cu adsorption were no longer kinetically 

reversible, and a phase transition occurred prior to 

θCu = 0.05 (Figure S11). 

The double layer structure for Au(111)/Cu 

surfaces was studied by fitting the θCu–E relationship for Cu2+ to adsorption isotherms for various 

[Cu2+] and [ClO4
–]. Voltammetry data collected at ν = 25 mV s–1 was sufficiently slow such that 

E(θCu) varied by less than 5 mV with a doubling of ν. These data were fit to a Frumkin θ–E isotherm

𝐸 = 𝐸1/2 + 𝑅𝑇
𝐹

―ln[𝐶A]/𝑛 + ln 𝜃
1―𝜃

+ 𝑔 𝜃 ― 1
2  (5)

where E1/2, R, F, CA, n, and g are the potential of half coverage, the universal gas constant, 

Faraday’s constant, bulk concentration of the dissolved transition metal, the number of charges per 

Figure 5: Dependence of the equilibrium 
exchange rate (r0) of the metal cation vs the 
concentration of supporting anions ([A]) at 5% 
coverage-. The light orange dots are perchlorate 
at [ClO4

-] = 0.01, 0.1, 1, 10 M. The purple dots 
are sulfate at [SO4

2-] = 0.01, 0.1, 1M. The circle 
symbols represent experimental data, the error 
bars representing the standard deviations. The 
grey line represents the reaction order, m, with 
respect to supporting anion concentration.
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adsorbate, and the adsorbate-adsorbate interaction parameter, respectively. A positive value for g 

indicates unfavorable adsorbate interactions and has been related to the free energy of interactions 

between adsorbed species, γ, by g = 2γ/RT.32 When g is zero, the equation for a potential-dependent 

Langmuir isotherm is recovered. 

 Cu2+ adsorbed onto Au(111) surfaces exhibited a positive g for all electrolytes studied in 

this work. In dilute (1.0 mM) Cu2+ and supporting electrolyte (10 mM ClO4
–), g was 13 ± 4 (Figure 

S12) and decreased with increasing [ClO4
–] to 6.6 ± 0.6 and 2.9 ± 0.1 for 100 mM (Figure S13) 

and 1.00 M solutions (Figure S14), respectively. The average g for at least two independent 

measurements/electrode surfaces was generally insensitive to increasing [Cu2+] and varied from 

2.9 to 3.6 in [ClO4
-] = 0.100 M (Figure S15), although the apparent E1/2 versus Erev shifted 

positively up to 80 mV. Thus, although the interaction energies between adsorbed Cu2+ were 

insensitive to the bulk [Cu2+] (Figure S15a), they trended towards zero as the supporting 

electrolyte concentration was increased (Figure S15b). 

It is possible that Ag+ and Cu2+ promote adsorption by modifying the electric field more 

strongly than the supporting H3O+ cations,33  and so we investigated the impact of supporting alkali 

cations via additions of K+ to SO4
2– electrolytes during adsorption of Cu2+. Sulfate electrolytes 

were selected for this analysis because they conveniently lacked a strong anion concentration 

effect. The presence of K+ led to an increased peak cathodic current relative to electrolytes where 

K+ was absent (Figure S16a). K+ had a substantial effect on the critical coverage of adsorbed Cu*z+ 

prior to the sharp current onset associated with a surface phase transition, however, K+ did not 

appear to impact the θ-E behavior at more positive potentials compared to K-free electrolytes 

(Figure S16b). The exchange rate of Cu2+ at θ > 0.05 and in the presence of K+ was within 

experimental error of K+-free electrolytes (Figure S17).
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Aqueous Cu2+ catalyzes the decomposition of ClO4
– to Cl– within weeks, and the presence 

of low concentrations (<1 µM) of Cl–  is likely to influence the kinetics of both Ag and Cu 

deposition.25 To avoid any possible Cl- contamination all Cu2+ solutions were tested within a week 

of preparation. A commensurate pair of minor, sharp peaks were noted in the reversible region of 

Cu2+ adsorption in aged Cu(ClO4)2 solutions (Figure S18), and we attribute these to the presence 

of Cl–. Electrolytes which exhibited these peaks were considered to be Cl– contaminated and were 

not used in the kinetic analysis.

Discussion:

Quasireversible adsorption of Ag and Cu on Au(111) electrodes allowed for direct 

measurements of interfacial ion transfer kinetics at a site-defined metal surface and in the absence 

of first-order phase transitions (Figure 1). Here, we have specifically focused on low (5%) 

coverages of adsorbates to maximize the contribution of isolated Au(111) adsorption sites to the 

measured faradaic response. Assuming that Ag and Cu were randomly distributed across three-

fold hollow sites and that the contribution from step-edges and grain boundaries is negligible, the 

probability of the next adsorption site being free of nearest neighbor is > 90% when θ < 0.01 but 

falls to < 60% when θ > 0.05 (Supplementary Information, S2). Careful consideration and 

control of θ is thus essential for an atomistic understanding of metal IIT, and this quantity is rarely 

controlled during the deposition/corrosion of bulk metals. Measurements of UPD kinetics at low 

coverages may thus serve as a privileged model for site-specific charge transfer kinetics associated 

with these reactions. Similar adatoms are believed to be present during bulk deposition and 

corrosion. Gerischer reported the surface concentration of Ag adatoms to be ~1013/cm2, equivalent 

to 2–4% coverage, whereas Despic reported much greater concentrations of surface charge for Cu 

electrodes, equivalent to ~3 x 1015/cm2, indicating the presence of a roughened surface and 
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hindering the ability to estimate the coverage of adsorbates.34,35 The reaction orders and turnover 

frequencies measured in this work are most pertinent to corrosion and deposition at low applied 

bias, when the coverage of adatoms is lowest.

The exchange rate for Ag at Au(111) is 2–6 times faster than the exchange rate for Cu 

independent of [Cu2+]. The average standard rate constants for charge transfer, k0, are reported in 

Table 1 and for Ag IIT in 1 M ClO4
– are within one order of magnitude of some adiabatic electron 

transfer reactions (0.85 ± 0.2 cm s–1).36 The reported exchange rate for both Ag+ and Cu2+ varies 

widely, presumably due to differences in surface preparation and the geometric density of active 

sites. Reported Cu2+ exchange current densities vary by an order of magnitude, from 0.4–4 x 10–2 

A cm-2 in 5 mM CuSO4, with asymmetric transfer coefficients for the anodic and cathodic 

reactions.37 Ag+ exchange current densities vary wider still, based on electrode preparation and 

Ag+ concentration, but the value measured here (6 x 10–3 A cm–2) for elementary Ag IIT at 1 mM 

Ag+ is slower than what has previously been reported for polycrystalline Ag surfaces (1.5 x 10–1 

A cm–2) at similar concentrations,38,39 suggesting that reported rates of Ag/Ag+ exchange are 

convoluted by a large, albeit unknown, number of active sites. Here, we report a symmetric ⍺ = 

0.5 for elementary Cu2+ IIT, with a consistent standard rate constant of 1 x 10–2 cm s–1 at 5% 

surface coverage across varied electrolytes identities, ionic strengths, as well as aCu2+. Notably, 

this value is within the range of reported rate constants for Cu2+ amalgamation (1–5 x 10–2 cm s–

1),40 which serves as a similar model system for elementary IIT albeit where the 

concentration/surface excess of the adsorbed product is unknown. 

Table 1: Comparison of standard rate constants for interfacial ion transfer of Ag+ and Cu2+ at 
Au(111) in 0.10 M and 1 M HClO4 at 20 °C.

𝒌𝟎 (cm s-1) 
(0.10 M ClO4

-)
𝒌𝟎(cm s-1) 
(1.00 M ClO4

-)
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Cu2+ 8(2) x 10-3 1.3(3) x 10-2

Ag+ 5.0(6) x 10-2 9.2(8) x 10-2

The reaction order for IIT exchange rates can be used to resolve microscopic steps 

associated with ion transfer. A unique aspect of adsorption/desorption reactions is that activity of 

the product cannot be controlled independently of the applied potential. Prior studies on adsorption 

at Pt(111) surfaces have reported a reaction order of 0.5 with respect to H3O+ for hydride 

adsorption limited by proton-coupled-electron transfer, whereas the hydride adsorption from H2O 

exhibits a 0th order dependence with respect to OH– activity in alkaline media, implying that this 

process includes a chemically distinct rate determining step.29 Both OH– and H+ adsorption kinetics 

exhibit a stronger dependence on the concentration of supporting alkali cations, such as Na+, with 

mNa+ ~ 1 reported for Pt(111) at pH ~ 13. Here, we report that site-isolated transition metal, T, 

adsorption (eq 6)

T𝑛+
𝑎𝑞 + ∗ + 𝑛𝑒―↔T∗ (6)

exhibits a consistent α ~ 0.5 but m ~ 2α for both a monovalent and divalent transition metal cation. 

Generally, the measured m was ≥ 1 but for Ag+ adsorption in 0.10 M ClO4
- and Cu2+ adsorption in 

1.0 SO4
2- m was 0.78 ± 0.09 and 0.8 ± 0.2, respectively (Figure 4, Figure S10). We interpret these 

results to be generally consistent with, mT+
 ~ 2α and 0.4 < α < 0.6,32 which would be consistent 

with a single elementary charge transfer step but alludes to a more complex path for desolvation 

of aqueous transition metals (Supplementary Information, S3–S8). 

The analysis for the self-exchange of Ag/Ag+, which does not require analysis of multiple 

charge transfer steps, provides a foundation for understanding metal IIT. The increased reaction 

order with respect to Ag+ is consistent with a general promoting effect of dissolved transition metal 

and this could be caused by specific intermolecular interactions or changes in the local electric 
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field at the adsorption site. For example, multi-step mechanisms that include a bimolecular reaction 

between Ag+(aq) prior to the rate determining adsorption step may result in the measured mAg+ = 

2α (e.g. 2 Ag+ ↔Ag+
a + Ag+

b ) provided that the activity of both species are not linked by a simple 

mole balance. We hypothesize this step could be related to solvent exchange leading to an 

undercoordinated Ag+ species which is able to more closely approach the adsorption site where 

charge transfer occurs (equation 7, equations S20–S26)

2 Ag+(H2O)𝑛↔Ag+(H2O)𝑛+1 + Ag+(H2O)𝑛―1 (7)

Previously calculated trajectories of individual Ag+ deposition at model Ag surfaces indicate the 

presence of a pre-associated species within the inner Helmholtz plane, and later trajectories for 

Zn2+ deposition which include nonlinear solvent coupling terms further support an inner sphere 

pathway.12,41 In the case of silver, these results suggest that the formation of this species could be 

promoted by proximal, spectator Ag+ cations. This case can easily be distinguished from a 

mechanism involving an adsorbed Ag0/+ species acting as a promoter based on the coverage 

dependence of the reaction. However, the effects of pre-adsorption without charge transfer and the 

role of non-ideal interactions between adsorbates or the transition state are not distinguishable 

from the more general mechanism, based on differences in the exchange rate and transfer 

coefficient alone (equations S27–S38). The complex relationship between mT+ and ⍺ may also be 

explained by transition metal cations exerting a generalized cation effect, by modifying the electric 

field at the site of transfer or by impacting the rigidity of the solvent within the double layer.42

A similar analysis conducted for Cu+/2+ exchange is consistent with the general presence 

of metal-cation promoted transfer which may be described by a bimolecular reaction prior to 

charge transfer, here represented as solvent exchange (equation 8).
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2 Cu2+(H2O)𝑛↔Cu2+(H2O)𝑛+1 + Cu2+(H2O)𝑛―1 (8)

We do not rule out the possibility of an alternate mechanism for metal cations to promote self-

exchange, as a more comprehensive study of interactions with supporting metal cations is required. 

Although the reported mCu2+ and ⍺ for Cu2+ vary widely based on electrolyte and electrode 

preparation,37 Cu2+ deposition is generally believed to proceed via two distinct charge transfer 

steps, with the formation of unstable aqueous Cu+ species being rate-determining. During these 

UPD measurements, outer-sphere electron transfer to Cu+/2+ is unlikely, as the formal potential for 

the reaction is >200 mV negative of the electrochemical potentials used to quantify Cu* exchange. 

Nevertheless, accounting for possible differences in the density of adsorption sites, the exchange 

currents measured for self-exchange of Cu2+ at Au(111) surfaces are generally in accord with 

previously reported values for overall Cu/Cu2+ exchange, suggesting that the coupled ion-electron 

transfer step quantified here, rather than homogeneous electron transfer to an aqueous Cu2+ species 

or chemical adsorption of Cu2+ prior to electron transfer, is an enabling step for the rapid kinetics 

of Cu deposition, generalized as equation 9.

Cu2+ + 𝑒― + ∗  ↔Cu+∗ (9)

Differences in the observed rate constant for Ag+ adsorption and Cu2+ adsorption are more 

often attributed to chemical properties of the solvated metal cation, rather than the properties of 

the adsorbed Cu0/+ or Ag0/+ species. While the reorganization energy of the solvent is likely 

associated with a desolvation step, previously measured exchange rates for metal plating, as well 

as those measured here for IIT, are inconsistent with a transition state barrier that scales with the 

total solvation enthalpy.11 Notably, despite a roughly four-fold difference between the solvation 

enthalpies of monovalent and divalent cations (5 eV and 20 eV respectively),12,18 the exchange 

rate of Ag+ and Cu2+ at Au(111) differ only by a factor of two in 0.10 M HClO4. This suggests that 
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the bulk solvation enthalpy is a poor descriptor for the reorganization energy associated with the 

rate determining step of transition metal IIT. This data strengthens the argument that most of the 

enthalpy of desolvation associated with a metal deposition or corrosion reaction occurs before/after 

the rate determining step. The approach distance of the monovalent cation is expected to be less 

than that of the divalent cation, as calculated for Zn2+ and Zn+ at Zn metal surfaces,16 but this 

apparently does not directly influence the apparent ⍺. Inspired by recent simulations of Zn/Zn2+ 

deposition, we hypothesize that the greater approach distance for the solvated Cu2+ species leads 

to weaker coupling and the more sluggish IIT kinetics in comparison to Ag+.43

The weakly positive correlation between IIT kinetics and increasing perchloric acid 

concentration is consistent with either increased screening effects in the double layer and/or 

decreasing rigidity of the double layer with increasing ionic strength.30  Near-surface anions 

support a greater surface excess of cations and thereby increase the local concentration of reactants 

prior to desolvation and ion transfer. These effects are also evident in the θ-E response, which 

provides surface-sensitive information about changes to the adsorbate environment in response to 

changes in the bulk electrolyte (Figure S15b). The apparent g for adsorbed Cu at Au(111) was 

insensitive to the concentration of Cu2+ but was weakly influenced by the concentration of HClO4, 

indicating less repulsive interactions between surface cations. A decrease in g could be caused by 

a combination of increased screening effects with higher ionic strength and/or the increased anion 

concentration disrupting interactions between interfacial water.30 

Whereas perchlorate lacks an ordered adsorption phase and exhibits a lower capacitance in 

the potential window used for kinetic analysis (Figure S19), sulfate anions form an ordered layer 

(θ = 0.2) on Au(111),44,45 and a disordered layer has been observed at concentrations > 5 M.46 The 

zeroth-order anion effect for sulfate at Au(111), stands in contrast to the positive anion effect for 
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perchlorate, and is consistent with a relatively stable ΓSO4 with increasing aH2SO4 for pH ≥ 0. The 

presence of K+ in sulfate-containing electrolytes did not lead to a change in the apparent interaction 

parameter at low coverages. However, K+ cations did contribute to a positive shift in the peak 

potential which was caused by a lesser integrated charge prior to the sharp change in current 

assigned to a surface phase transition (Figure S16b). This suggests that although K+ cations do 

not impact the stability of Cu adsorbates at low coverages, they induce a transition to an ordered 

surface layer at a lower Cu coverage, likely because they contribute to the total excess charge 

within the double layer region.

No differences in metal IIT were observed in response to a change in the bulk aH2O. The 

activity of water in 10 M HClO4(aq) and 10 M H2SO4(aq) is 0.03 and 0.045, respectively,47,48 but 

the exchange rate for Cu2+ was consistent across a wide range of [H2SO4] and exhibited a similar 

mHClO4 at low and high concentrations. Uncoordinated water is a necessary product of the overall 

deposition of aqueous transition metals, and this result implies that either the surface activity of 

H2O is relatively insensitive to changes in the bulk activity or else uncoordinated H2O is not a 

participant in the rate determining step for Cu2+ IIT. This is significant for understanding the 

behavior of metal plating and ion insertion reactions in “water-in-salt” electrolytes and suggests 

that there is a significant barrier to modifying the solvent activity without changes to the electrode 

surface environment itself.49,50

A few experimental barriers to measuring isolated steps of deposition/corrosion have been 

mitigated here through the use of freshly prepared Au(111) surfaces and Cu2+ electrolytes prepared 

from high purity oxides. Investigations of Ag UPD at Au surfaces have previously been limited in 

part due to the tendency of Ag to alloy with the substrate, leading to a time-varying and 

irreproducible electrochemical response.23 Au(111) surfaces exhibited changes in electrochemical 
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response after less than 30 min of exposure (Figure 1c), whereas frequent replacement of Au(111)-

textured thin film electrodes allowed for reproducible measurements of Ag desorption kinetics 

without the apparent influence of Ag/Au surface alloys that would not be possible with traditional 

Au(111) solid electrodes (Figure 4). The positive shift in the Ag desorption peak implies more 

favorable Ag/Au interactions that could be caused by an increase in vacancies, pits, step edges 

serving as active sites. As the extent of Ag/Au alloying increases, the number of active sites for 

Ag UPD decreases, which would lead to an overestimation of the active sites and underestimation 

of the apparent rate and exchange rate. Furthermore, the electronic properties of the adsorption 

sites will be modified after the formation of a near-surface alloy and this could be reflected in the 

changing onset potential for desorption (Figure 1c).

Future studies of metal IIT should investigate the chemical principles required to predict 

rate constants for metal adsorption, including the electronic structure of metal cations and the 

coordination environment of the adsorption site. Studies on the temperature dependence and 

supporting cation identity may further clarify how solvent transfer and reorganization influence 

the rate of IIT, which would provide design principles for accelerated deposition or suppressed 

corrosion. Additionally, the methodology to measure exchange rates for controlled metal 

adsorbates could shed light on the molecular mechanisms of additives used for Cu deposition in 

semiconductor interconnects, increasing charge/discharge rates in redox-flow battery electrolytes, 

and the industrial electrowinning and electrorefining process of energy-critical metals.

Conclusions:

Underpotential deposition of Cu2+ and Ag+ at well-defined Au(111) interfaces served to 

isolate a microscopically reversible step involved in metal corrosion and deposition and enabled a 

controlled kinetic analysis of self-exchange during interfacial ion transfer. This system addresses 
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two limitations of traditional kinetic measurements at growing/corroding metal surfaces: (1) the 

coverage of adsorbates is not known and (2) both the number density and identity of active sites 

are poorly defined. The standard rate constant for Ag+ IIT at Au(111) was within an order of 

magnitude of the reported adiabatic electron transfer for Ru(NH3)6 and the exchange rate of Cu2+ 

was consistently within an order of magnitude of that measured for Ag+. The coverage dependence 

and transfer coefficient associated with adsorption/desorption of both Ag+ and Cu2+ suggests that 

a coupled ion-electron transfer step was the rate determining step for adsorption/desorption. The 

self-exchange rate with respect to the metal cation concentration was quantified at constant 

coverage of adsorbates and was ~1 for both Cu2+ and Ag+; this could be described by a multi-step 

mechanism involving biomolecular interactions between free cations prior to transfer. A 

mechanism involving solvent transfer prior to adsorption/desorption was proposed to fit this 

mechanism and is consistent with zeroth-order kinetics with respect to bulk H2O. A positive anion 

effect was observed in perchlorate but not in sulfate electrolytes, with the latter exhibiting 

increased exchange rates at lower ionic strengths. 
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Additional data supporting this article have been included as part of the Supplementary 

Information: equations S1-S56, Figures S1-S19, Table S1, a detailed derivation of kinetic 

models, x-ray diffraction of annealed Au thin films, high resolution XPS data for annealed Au 

electrodes before and after exposure to Ag+, additional electrochemical data and measured 

exchange rates in concentrated H2SO4 and solutions containing K+. Unprocessed electrochemical 

data is available at https://github.com/Kempler-Group/CuAgUPD2026 (a permalink will be 

created prior to publication)
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Data availability:

Additional data supporting this article have been included as part of the Supplementary 

Information: equations S1-S56, Figures S1-S19, Table S1, a detailed derivation of kinetic 

models, x-ray diffraction of annealed Au thin films, high resolution XPS data for annealed Au 

electrodes before and after exposure to Ag+, additional electrochemical data and measured 

exchange rates in concentrated H2SO4 and solutions containing K+. Unprocessed electrochemical 

data is available at https://github.com/Kempler-Group/CuAgUPD2026 (a permalink will be 

created prior to publication)
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