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Presented work studies the relation between kinetics of metal deposition via surface limited redox replacement (SLRR) of under-
potentially deposited (UPD) monolayer (ML) and experimental parameters of reaction solution such as meal ions concentrations
and supporting electrolyte concentration. The model system is Au deposition on Au(111) via SLRR of Pb UPD ML. The rate
constant of the SLRR reaction for different solution designs is determined from temporal change of electrode surface reflectivity and
from the open circuit potential transients’ analysis. The obtained results show clearly that reaction kinetics of metal deposition via
SLRR of UPD ML is significantly affected by the design of the reaction solution i.e. the UPD metal ion, depositing metal ion, and
supporting electrolyte concentrations. The ten-fold change of concentration of either solution parameter produces approximately the
same change in the value of the rate constants. The presented results have fundamental importance for the future development and
application of the metal deposition via SLRR of UPD ML. They offer a link between the reaction solution design and expected trend
in SLRR reaction rate, which transposes to successful control of deposition flux, nucleation density and resulting morphology of the
deposit.

© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0471704jes] All rights reserved. ®)sy |

Manuscript received January 10, 2017. Published January 28, 2017.

Deposition via Surface Limited Redox Replacement (SLRR) of
underpotentially deposited (UPD) monolayer (ML)! has gained a lot
of attention and applications in last two decades.>* The main idea is
to use an UPD ML as sacrificial material to reduce/deposit a more
noble metal (SLRR reaction i.e. galvanic displacement). The basic
stoichiometry of the SLRR reaction and deposition process is shown
by Equation 1.3

M, /S(h. k, l)+<%> Pt = M;'}j;—}—(%) PY/S(h k1) 1]

Here, M and P and S(hk,]) stand for UPD metal/ion, depositing
metal/ion and substrate, while m*/m and p*/p represent the oxida-
tion state of M and P metal ions and corresponding stoichiometry
coefficients. Over the years, several experimental protocols for depo-
sition via SLRR of UPD ML have been developed. The first and the
basic one,'® involves formation of the UPD ML of M on the substrate
S(h,k,1), (potential controlled step) and then subsequent immersion
of Mypp/S(h,k,]) into a separate reaction solution where SLRR oc-
curs and deposition of P takes place at open circuit (sample shuffling
approach). The second protocol involves the stagnant substrate but
sequential application of potential control in solution for UPD ML
formation and then application of solution for SLRR reaction and de-
position of P at open circuit (solution shuffling approach’). The most
recent development has introduced a “one-solution, one-cell” exper-
imental design.g*9 In this case, the same solution serves for UPD ML
formation and subsequent SLRR reaction at open circuit potential.
This protocol assumes a sequence of potential controlled step, where
co-deposition of UPD ML of M with small amount of P occurs, and
the open circuit step, where SLRR reaction and deposition of P pro-
ceeds. The very details of these three protocols and their applications
have been discussed elsewhere in the literature.*>'* Still, more work
is necessary to unravel the controlling phenomena of this deposition
method and to properly define optimum conditions at which the true
benefits of this method are fully exploited.

In many applications concerned with deposition of only a single
monolayer of P or ultra-thin films such as core-shell catalyst synthesis
for example>*® (P = Pt, Pd), the properties of deposited films are
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strong function of their morphology (2D vs. 3D nucleation, cluster
size, coverage).'"'® On the other hand, the morphology of P deposit
is a direct function of SLRR reaction kinetics and stoichiometry.'>!”
They are dependent on experimental conditions. These include nature
of supporting electrolyte in reaction solution, concentration and ox-
idation state of the metal ions, complexation and temperature.>!7:18
Therefore, identifying the fundamental relation between the experi-
mental conditions and resulting kinetics of SLRR reaction should help
practitioners to exercise a full control over deposit morphology. This
will open new applications of this method in broad spectrum of scales
from laboratory experiments to industrial synthesis of core-shell cat-
alysts or wafer level ultrathin thin film growth technologies.>*%!°

Presented work studies the relation between kinetics of metal de-
position via SLRR of UPD ML and experimental parameters of the
SLRR reaction. The focus is to evaluate the fundamental effects of
concentration of: a) UPD metal ions, b) depositing metal ions, and
¢) supporting electrolyte, on SLRR reaction kinetics. The model sys-
tem is Au deposition on Au(111) via SLRR of Pb UPD ML. The
experimental protocol in our studies involves “one solution-one cell”
experimental design where reaction solution contains both Pb?* and
Au** ions and HCIO, as supporting electrolyte.® The Pb UPD ML
coverage during SLRR reaction is determined from temporal change
of electrode surface reflectivity and from analysis of the open circuit
potential (OCP) transients.'®?° Experimental results are fitted with the
rate equations for the first order reaction kinetics in terms of Pb UPD
ML coverage which is modified to take into account contribution of
the oxygen reduction reaction (ORR) occurring in parallel to Au de-
position. Our results suggest the existence of proportional and linear
trend between the SLRR reaction rate constant and Au** and Pb** ion
concentrations. We also found that the SLRR reaction rate decreases
as the concentration of supporting electrolyte is increased. This study
shows that effective manipulation of SLRR reaction kinetics can be
achieved by proper design of SLRR reaction solution.

Experimental

General details.—Before each deposition experiment, the start-
ing Au(111) surface (Monocrystals Company) was prepared using
mechanical polishing, electropolishing and hydrogen flame anneal-
ing. This routinely yielded a highly reflective mirror-like surface fin-
ish with very reproducible Pb UPD voltammetry (Figure 3A). All
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Table I. Range of investigated concentrations.

Journal of The Electrochemical Society, 164 (4) D159-D168 (2017)

Despite the de-aeration process, the reaction solution inevitably
contains some amount of dissolved oxygen. The Pb UPD ML is sta-

Ton / support. electrolyte AudF Ph2+ HCIO, ble on Au 'surface at'potentials that are s'igniﬁcan'tly more negativve
than reversible potential for oxygen reduction reaction (ORR). Earlier

Concentration / M 44 %107 -  1073-10"2  0.04-0.21 studies showed that ORR on Pb UPD ML modified electrodes has very
2.6 x 1074 fast kinetics.??> At open circuit conditions, where Au deposition oc-

solutions for SLRR reaction were prepared with high purity grade
chemicals such as PbO, HCIO, and AuCls (99.999%, Alfa Aaeser,
Merck) and >18.2 M2 ultra-pure water (Millipore Direct Q-UV with
Barnstead A1007 pre-distillation unit). Before each experiment, so-
lutions are de-aerated for at least one hour with ultrapure nitrogen
in order to minimize the concentration of dissolved oxygen from
air. All experiments are performed using ultraclean glassware. The
volume of spectro-electrochemical cell was 0.150 dm™ while the
amount/volume of the reaction solution was standardized to 0.1 dm~3
for each experiment. The range of investigated metal ions and support-
ing electrolyte concentrations are shown in Table I. All potentials in
the text are presented as the value of Pb underpotential, AE. Fitting of
the analytical models to the experimental data (OCP and 6 transients)
was performed using numerical recipe based on minimization of the

residuals’ function In(v/1 + R(x)?) to provide the most robust fitting
of the data in non-linear regime.?! The range of the error bars for rate
constants is reported as =+ the standard deviation of the model fits to
experimental data.

SLRR reactions and experimental routine.—The simplified stoi-
chiometry of Au deposition via SLRR of Pb UPD ML from reaction
solutions described in Table I is shown by Equation 2;

3+
Aumlv

PYY .,/ Au(l11) + <g>
UPD 3

2
= PbE + <§> Au’/Au(111)
(2]

curs via SLRR of Pb UPD ML, dissolved oxygen represents an active
specie that can oxidize Pb UPD adatoms and thus competes with Au
deposition process. Therefore, SLRR of Pb UPD via dissolved oxy-
gen is the second reaction which has to be taken into account when
considering the overall kinetics of Au deposition:

1
Pblypp/Au(U11) + 2 Os,, +2H" = Pb;

solv

+ H,0 (3]
For each measurement, our experimental routine followed a sequence
of several steps that are illustrated in Figure 1.

In the first step, starting solution contains particular concentrations
of Pb?* ions and supporting electrolyte only. This is a potential con-
trolled step in which a cyclic voltammogram is performed to verify
the quality of Au(111) surface, and to identify the value of surface
reflectivity for Au(111) (6 = 0) and Pbypp/Au(111) (6 = 1) surfaces.
The sweep rate of 0.01 Vs~! in the limits of 0.4 V and 0.005 V AE
was used.

The second step involves potential pulse from 0.4 V AE (no Pb
UPD layer on the surface) to 0.005 V AE where full Pb UPD ML
is formed. Optimum pulse duration is determined by studying the
stripping charge from Pb UPD ML deposited using different potential
pulse times and solution containing the lowest Pb>* concentration in
our studies (10~ M), Figure 2A. As evident from presented data, Pb
UPD stripping charge becomes constant for pulse times longer than 3
seconds.

Therefore, a 3 seconds potential pulse to AE = 0.005 V to form
a full Pb UPD layer is used in all our experiments. After the po-
tential pulse is performed, the cell/potential is disconnected (open

CV of Pb UPD SLRR: eq.(2)
3 sec pulse to 0.005 V
L S | S J
/ ! ! ' ot -
ocp +
AE=0.4V A —
OCP-transient
OCP-transient AE=f(t) model, eq.(11)
AE=f(t) model, eq.(8)
AE=0.005V =T h . ' ; ! i
‘_'V"' _____ .‘ _____ I eemem—————— r _________
3 sec pu|s|e to 0.005 V Au3* addition and mixing SLRR: eq.(2) + eq.(3)
Step1 Step 2 N Step 3
4
0=1 +
0 -transient 0 -transient
6=f(t) - rate eq.(6) &=f(t) — rate eq.(9)
6=0 |

time

Figure 1. Experimental routine for measurements of reaction rate constants. Each step is marked with corresponding temporal change of potential and Pb UPD

coverage.
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Figure 2. (A) Stripping charge of the Pb UPD ML on Au(111) as a function of the potential pulse duration at AE = 0.005 V. Solution: 0.1 M HCIO, 4 1073
M Pb?*t. (B) Deposition charge during potential pulse from open circuit to 0.005 V AE (—0.4 V vs. SCE) for 3 seconds for three different Au>* concentration.

Solution: 0.1 M HCIO4 + X M Au?t.

circuit potential (OCP) stage, Figure 1) while both, reflectivity/6 and
OCP transients, are simultaneously recorded. They are analyzed by
appropriate rate equation and OCP model to determine the reaction
rate constant for SLRR of Pb UPD ML via dissolved oxygen, Eq. 3,
Figure 1.

In the third step, at the beginning, the Au** containing aliquot
(0.003 dm™3 of 107> M Au**) is added to the starting solution with
brief mixing and additional de-aeration for 5 min at OCP, Figure 1.
This ensured that desired concentration of Au** is now present in
reaction solution. Then, the potential pulse is performed from OCP to
AE = 0.005 V for 3 s, and the cell is disconnected, Figure 1. As in
previous case, both, potential and reflectivity/0 transients, are simulta-
neously recorded and analyzed by appropriate rate equation and OCP
model to determine now the reaction rate constant for Au deposition
via SLRR of Pb UPD ML, Eq. 2, Figure 1. The third step is repeated
several more times so that the minimum of three measurements are
obtained for particular composition of reaction solution.

It is important to mention that during potential pulse stage in
the third step, Figure 1, inevitably some Au co-deposition occurs as
well. Because of that, we have performed a detailed measurements
to quantify the amount of Au co-deposited and to evaluate if there is
a significant change of the electrode surface morphology that could
influence the reflectivity data and an overall measurements. The re-
sults are shown in Figure 2B. Even in the solution with the highest
concentration of Au** used, < 1/1000 of Au ML is co-deposited with
Pb UPD ML (Q¥F = 7.2 x 107* C-cm™2). This is insignificant
amount and we assume that Au co-deposition during the Pb UPD ML
deposition stage did not affect neither reflectivity nor the rate constant
measurements.

Setup for insitu electrode surface reflectivity measurements.—
The homebuilt experimental apparatus was used to measure Au elec-
trode reflectivity during Pb UPD and SLRR reactions.”® It was com-
posed of a CCD camera, a stabilized halogen lamp as the light source,
an integrating mirror to collect reflected specular and diffuse light
form the electrode surface, the electrochemical cell, data acquisition
card (DAQ), connector block, a potentiostat, and several optical bases
and holders to allow sturdy fixture of all components to the optical
table. An image of the cell and set up are presented in supporting ma-
terial (S1). ThorLabs DCU223M, black and white, 8-bit CCD camera
was used with 1024 x 768 pixel resolution. The CCD camera featured
a USB 2.0 connection which allows interfacing for image processing
and data acquisition softwares easily. The CCD camera is used in
conjunction with Pentax Cosmicar Television lens which had 8.5 mm
focal length and 1:1.5 maximum aperture ratio for iris adjustments to
prevent pixel saturation.?* Thorlabs SLS201 stabilized halogen light
source was used with fiber optic cable to enable a reproducible light

path and incidence angle of 45° to the crystal surface. EG&G Prince-
ton Applied Research 273 A Potentiostat provided the current and po-
tential control. It was interfaced with our data acquisition LabVIEW
program to achieve temporal recording of current and potential val-
ues during the experiments. The LabVIEW program communicated
with potentiostat using a multifunction DAQ PCI 6052 E integrated
device and NI BNC 2110 connector block. The current and potential
acquisition program was also integrated with camera control software.
Whenever the voltage and the current are red out and recorded, the
LabVIEW data acquisition algorithm triggered the software for cap-
turing an image from CCD camera. This way, the CCD camera is
initialized with each potential/current value recorded and an image
corresponding to each data point (time, potential, and current) was
recorded. The image acquisition and processing software measured
the intensity of each recorded image by taking the mean intensity of
all pixels in the image array. The maximum speed of image acquisition
was 8 images per second. This allowed direct real-time measurements
of image intensity vs. time or intensity vs. potential/current.”?

Insitu image intensity measurements and relation to the surface
reflectivity and Pb UPD coverage.—The change in reflectivity of the
electrode surface has a linear relationship with intensity change of
the reflected light from a surface.?* In addition to this, it was shown
that UPD monolayer coverage has a direct correlation with intensity
of the reflected light beam i.e. surface reflectivity.”>=° This means
that the Pb UPD layer coverage () can be obtained from reflectivity
measurements using following relation;>>?

R4, — R(O
o _ Ru—RO)

=0 (4]
RAL( - RPb/Au

Here, Ry, is the reflectivity from the gold surface where Pb UPD
coverage is zero, (8 = 0), R(6) refers to the recorded reflectivity val-
ues from the reflected light beam during the experiment, and Rpy/a,
represents the reflectivity of Au (111) surface fully covered with Pb
UPD ML (8 = 1). The reflectivity values can be obtained by multi-
plying the image/pixel intensities (I) with a factor corresponding to
our camera parameters’®* (R = I const). Since the Eq. 4 represents
the ratio between reflectivity values, we can directly use measured
intensity values from our camera to calculate Pb UPD ML coverage.
In that case, for Pb UPD on Au (111), I represents the corresponding
intensity of the reflected light from the electrode surface:

0 — IAu - I(e)
IAu - IPb/Au

(5]

The optical properties of an electrode surface are also the func-
tion of the applied potential.>>*”-?® Therefore, the intensity of the re-
flected light i.e. pixel intensities of an image depends on the electrode
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Figure 3. (A) Cyclic voltammogram (CV) for Pb UPD on Au(111). Solution: 5 x 1073 M Pb?t 4+ 0.1 M HCIO4, sweep rate: 0.01 V/s. Sweep in anodic direction
is emphasized with solid line for which the corresponding surface reflectivity change is plotted in red. (B) 6 vs. AE data for Pb UPD on Au(111) reconstructed

from (A) using surface reflectivity (red) and charge integration method (black

potential as well. We have evaluated this effect and found that is
comparably very small in the potential range of Pb UPD, i.e. only
2-5% of the total signal change. However, this is taken into account
when calculating the Pb UPD ML coverage from the image intensity
measurements. The measured intensity values are corrected for the
potential dependent change so that the true change of image inten-
sity as a function of Pb UPD coverage is used. The example of Pb
UPD coverage (0) measurements using our insitu reflectivity system
is shown in Figure 3A. The reflected light intensity change of the Au
(111) surface during anodic sweep in the solution containing 1073 M
Pb>* + 0.1 M HCIO; is recorded and corresponding 9 is calculated
and presented as a function of AE (0 - AE isotherm from reflectiv-
ity data), Figure 3B-red dots. The current-potential data obtained in
anodic sweep were also integrated and normalized to obtain the 6-
AE isotherm from charge integration measurements, Figure 3B-black
dots. The comparison of both sets of data shows very good agreement.
The relative difference between them is < 2% which shows that our
system is capable of recording the change in 6 for the entire UPD
potential range, 0 < 6 < 1. More importantly, the surface reflectivity
measurements are very accurate in recording 6 changein 0.1 <6 <0.9
range which is the most relevant one for our SLRR reaction kinetics
studies.

Analytical models for rate equations and fitting of experimen-
tal data.—The initial measurements show that the level of dissolved
oxygen in reaction solution is of order of ~107% M. This leads to
conditions where reaction kinetics of SLRR involving only O, and
Pb UPD ML, Eq. 3, is controlled by transport, i.e., follows zero order

1.0

O  Surf. Reflectivity Data

osd — Model fit, eq.(6)

Time /s

).

reaction kinetics.'® Assuming that starting 0 is 1, the corresponding

rate equation can be written in terms of reaction rate constant, ky,
1831

as.”™

0=1— kot. (6]

As described in our previous work,'® the k, is defined in terms
of the surface concentration of Pb UPD monolayer at coverage 6 =
1 (T97P), stoichiometry coefficients ratio, %, bulk concentration of
oxygen, Cg, oxygen diffusivity in solution,D,,, , and diffusion layer

1

thickness, 3, Eq. 7;
fo = (5) '

The Equation 6 is used to fit 6 transients obtained from reflectivity
measurements in solutions where no Au** ions are present and SLRR
reaction involves Pb UPD ML oxidation by dissolved O,, Eq. 3. The
OCP transients for this case are fitted by potential-transient model for
transport limited redox reaction (TLRR) kinetics.'®

1 — kot

ol

Do, - C3,

ryre.s

(7]

E = EM—O.OBV.[( ) +f U—kt)+g-(1— kot)3/2}

(8]

In the above expression, g, and f stand for Frumkin, and Temkin

energy terms inherited from Bruckenstein-Swathirajan (BS) isotherm

definition® while EJ_, represents the potential where Pb UPD cov-

erage approaches zero.'33? The example of Eq. 6 and Eq. 8 fits of

the 6 and OCP transients obtained during SLRR of Pb UPD ML by
dissolved O, are shown in Figure 4.
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Figure 4. Coverage and OCP transients obtained during SLRR of Pb UPD ML by dissolved O,. Solution: 0.1 M HCIO4 4+ 10~3 M Pb?*. Solution is de-aerated
for one hour before measurement. Red line is data fit by Eq. 6 (A) and Eq. 8 (B).
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Figure 5. Coverage and OCP transients obtained during Au deposition via SLRR of Pb UPD ML. Solution: 0.1 M HCIO4 + 5 x 1073 M Pb*t + 8.5 x 107> M
Au’t. Solution de-aerated for one hour before measurement. Red line is data fit by Eq. 9 (A) and Eq. 11 (B).

When Au’t and dissolved O, molecules are present in the solu-
tion, both SLRR reactions, Eq. 2 and Eq. 3, occur in parallel. In this
case, the best fits of reflectivity and OCP transients are obtained using
the rate equation and OCP model which assume the first order reac-
tion kinetics in terms of Pb UPD ML coverage. However, we wanted
to eliminate the effect of oxygen on the measurements of reaction
rate constant for Au deposition via SLRR of Pb UPD ML. For this
reason, we have derived an elaborate form of the first order rate equa-
tion which does allow an independent evaluation of the rate constant
for Au deposition process, Eq. 2. (“oxygen-corrected first order rate
equation”). This equation is used for 6 and OCP transients’ analysis
in all deposition experiments. The details of the rate equation and
OCP model derivations are presented in the Appendix of the paper.
Here, we show only the final form of the equations used for fitting.
Therefore, the 6 vs. t data obtained when both Au*t and O, are present
in reaction solution are fitted with Eq. 9,

ko\ _p, ko
o) =(14+—)e* ——.
o= (143 ) -

The term k' represents the rate constant for Au deposition via
SLRR of Pb UPD ML. It is defined in terms of the fundamental rate
constant, k, surface concentration of Au*", C’s , and reaction order in
terms of Au** reactant, L:'®

K =k(ci) [s7'].

(9]

(10]

The OCP transients obtained during experiments where both, Au**
and O, are present in the reaction solution are fitted with model that
is derived combining the Eq. 9 with BS isotherm'®*? (see Appendix),
Eq. 11,

(1 + et - )
+ 50— (1 + B)ekn)

ko koo . ko\?
fo 14 50,k _ %0
k>+gQI+kJ6 k)

(11]

The example of Eq. 9 and Eq. 11 fits of the 6 and OCP transients
obtained during deposition experiments are shown in Figure 5.

E:E%W4WBVbnO

ko v
+f0y+§yﬂﬂ—

Results and Discussion

Au’* concentration effect on reaction kinetics of Au deposition
via SLRR of Pb UPD monolayer.—Experiments studying the effect
of Au** concentration (C <) involved its methodical variation in re-
action solution and evaluation of the corresponding rate constants
while keeping the Pb?* concentration const. The measurements with

different Au** concentrations are grouped in a set for each particular
concentration of Pb?* in reaction solution. The individual § and OCP
transients during SLRR reaction and models’ fits (Eq. 6-Eq. 11) are
presented in the supporting material (S2-S9). Here, we show only
numerical values of rate constants extracted from these measurements
and analysis, Table II and Table III. The summary of results is plotted
as kK vs. C$ in Figure 6. The composition of the base solution for
each set of experiments is indicated in the sub-headers of the Table 11
and Table III and in Figure 6. Each set represents eight measurements
of the rate constants obtained for C§; . The investigated values of C§;
are: O M; 4.3 x 107> M; 8.5x10™ M; 1.2 x 107* M; 1.6 x 10~
M; 2.0 x 1074 M; 2.3 x 107* M; and 2.6 x 10~* M. The values of
Pb%>* concentration start with 1073 M in the 1% set of experiments
and increase to 3 x 1073 M, 5 x 107> M and 1072 M in the 2", 3¢
and 4™ set. For each set, the first experiment involves solution which
does not contain any Au** ions. The 6 and OCP transient from this
experiment are fitted with Eq. 6 and Eq. 8 to extract the value of k
(SLRR reaction defined by Eq. 3). Such determined value of kj is
then used as fixed parameter in the model represented by Eq. 9 and
Eq. 11 to fit 6 and OCP transients from particular set of Au depo-
sition experiments. This way, we were able to extract independently
the values of the rate constant & as a function of C§, (SLRR reaction
defined by Eq. 2). In general, a very good quality of fits is obtained
in all experiments which is indicated by small values of standard de-
viations of the fits, Table II and Table III (see also support material
S2-S59).

The extracted rate constants from both, OCP and reflectivity, mea-
surements show qualitative agreement in terms of the observed k' vs.
C%., trend. The results obtained from surface reflectivity measure-
ments have slightly lower k' values as compared to ones obtained
from OCP measurements, Figure 6A vs Figure 6B. The values of &’
obtained from OCP measurements show slightly more scattering, and
somewhat larger standard deviation of the fits. This is not surprising
since the model used to fit OCP transients possess more complexity
and fitting parameters. The obtained results suggest that k' vs C%,
dependence for each set of experiments has linear trend. It shows an
increase in k' with increasing C%, i.e. more Au*" in solution yields
a faster deposition kinetics. The proportional relation between &’ and
C4., observed in both measurements is expected if one considers def-
inition of k', Eq. 10. However, the observed linear trend deserves a
closer look. To proceed further, we have to define first the relation be-
tween the surface concentration of gold, Ci{u, which enters definition
of k', and its bulk value which is controlled parameter in the experi-
ments. We expressed the Ci;'u as a product of the interface width, &,
and the bulk value of Au** concentration (C%),*

Ci,=Cy-&- [mol-dm™?] [12]
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Table IL. The values of rate constants extracted from surface reflectivity measurements for different Au* concentration. Base solution for each
experimental set is indicated in sub-header of the table.

15t Set: Base Electrolyte: 0.1 M HCIO4 + 1073 M Pb*+
ceM 0 43 x 1073 8.5 x 1073 12 x 1074 1.6 x 1074 2.0 x 1074 2.3 x 107 2.6 x 1074
Korkols™ 0.00873 0.02039 0.08058 0.09296 0.15288 0.19537 0.24296 0.27780
+o0/s7! 4.76E-5 0.00002 0.00073 0.00099 0.00179 0.00338 0.00230 0.00384
2" Set Base Electrolyte: 0.1 M HCIO4 + 3 x 1073 M Pb>*+
CeIM 0 43 x 1073 8.5 x 1073 1.2 x 1074 1.6 x 1074 2.0 x 1074 2.3 x 107 2.6 x 1074
Korke/s™! 0.01690 0.01232 0.05409 0.10597 0.15789 0.23217 0.26798 0.23780
to/s7! 7.12E-5 3.13E-4 0.00070 0.00152 0.00218 0.00860 0.004773 0.00631
31 Set Base Electrolyte: 0.1 M HCIO4 + 5 x 1073 M Pb**+
Ce/IM 0 43 x 107 8.5 x 1073 1.2 x 1074 1.6 x 1074 2.0 x 107* 2.3 x 107 2.6 x 1074
Korko/s! 0.00467 0.03897 0.09899 0.17997 0.24319 0.29162 0.34231 0.37922
to/s7! 1.45E-4 0.00020 0.00067 0.00152 0.00206 0.00375 0.00363 0.00718
4t Set Base Electrolyte: 0.1 M HCIO4 4 1072 M Pb>+
CeIM 0 43 x 1073 8.5 x 1073 1.2 x 107# 1.6 x 107 2.0 x 1074 2.3 x 107* 2.6 x 1074
Korky/s™! 0.00994 0.17487 0.26258 0.34861 0.40956 0.49651 0.57528 0.65082
to/s7! 4.53E-5 0.00235 0.00396 0.00879 0.00727 0.00589 0.01149 0.02062

Table III. The values of rate constants extracted from OCP measurements for different Au3t concentration. Base solution for each experimental
set is indicated in sub-header of the table.

1%t Set Base Electrolyte: 0.1 M HCIO4 + 1073 M Pb**
CT /M 0 43 x 1073 8.5 x 1073 12 x 1074 1.6 x 107 2.0 x 107* 2.3 x 1074 2.6 x 1074
Kork/s! 0.01693 2.35E-6 0.01788 0.00453 0.03440 0.06150 0.02667 2.35E-6
+o/s7! 5.07E-5 0.00028 0.00097 0.01037 0.00952 0.01631 0.01687 0.00028
2nd Set Base Electrolyte: 0.1 M HCIO4 + 3 x 1073 M Pb?t
CeIM 0 43 x 1073 8.5 x 1073 12 x 1074 1.6 x 107 2.0 x 107 2.3 x 1074 2.6 x 1074
Korky/s™! 0.06124 0.03147 0.14762 0.34060 0.41915 0.67855 0.58264 0.70710
to /57! 0.00019 0.00054 0.00189 0.00551 0.03976 0.05377 0.09404 0.10038
3™ Set Base Electrolyte: 0.1 M HCIO, + 5 x 1073 M Pb*+
ceIM 0 4.3 %1073 8.5 x 1073 12 x 1074 16 x 1074 2.0 x 107 23 x 1074 2.6 x 1074
Korko/s™! 0.00136 0.17908 0.32837 0.38908 0.53721 0.47640 0.63730 0.56155
+o /57! 0.00657 0.00596 0.02419 0.08484 0.08883 0.23377 0.26553 0.31982
4t Set Base Electrolyte: 0.1 M HCIO, + 102 M Pb*+
CceIM 0 4.3 x 1073 8.5 x 1073 12 x 1074 1.6 x 1074 2.0 x 107 23 x 1074 2.6 x 1074
Korko/s™! 0.06589 0.45688 0.55804 0.68049 0.79077 0.74972 1.21496 1.39606
+o/s7! 0.69889 0.06277 0.09858 0.13434 0.16876 0.26981 0.32389 0.32728

Therefore, the expression for &’ in terms of C;, is rewritten as:
’ is\L 0 L L
K =k(Cy) =k(Cq &) =k-g"-(C

Now, with more comprehensive definition of &', the linear trend in our
K vs. C$, datain Figure 6 has a real physical meaning. It indicates that

)"

[13]

the value of Lis 1. This means that Au deposition via SLRR of Pb UPD

monolayer is the first order in terms of bulk Au* reactant. This result

is expected because the Au deposition via SLRR of Pb UPD ML can

be considered as elementary reaction, and stoichiometry coefficients

can be taken as the order of reaction in terms of its reactants. From
Eq. 2, it is evident that one Au atom reacts with 1.5 Pb UPD atoms,

1.00
O 10:M Plif* 1.50 O 10°MPb>
O 10°MPpH* <> 3x10° M Pb*
J . . 1.25-
0751 7 5xt 0_§M Pb; o Y/ 5x10°M Pb* © s
&> 3x10°M PY Ox@ 1.004 O 102MPL*> T
0.50- el - o .
" o) o8 £ 0.754 o Figure 6. (A) Summary of the rate constant values
; 025 @,/6 ) g s ¥ 0504 O g gv Ry extracted from surface reflectivity (Table II) and (B)
-9 S § & from OCP measurements (Table III).
o 5 g & 0.254 A @
= Tl e
0.00- T
¢ 000 E-B-g-T-EHOTD
A B
0.0 1.0x40* 2 0x10% 3.0x10°* 0.0 1.0x10 2.0x10" 3.0x10"

00 -3
C‘;‘; / moldm™ C Au/ moldm
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Figure 7. (A) Slope for each set of data in Figure 6 plotted as a function of the Pb?+ concentration. Black dots—surface reflectivity (Figure 6A) and red dots-OCP
measurements (Figure 6B). Dotted lines represent fits of Eq. 18. (B) Schematics illustrating change of AG g7 gz and AG* with increasing C -

The AGgprr is the free energy of the SLRR reaction, Figure
7B, and \ is the sum of the inner and outer reorganization energy
(M = Nin + o). From basic thermodynamic relations we know

and L = 1 in terms of Au*" can be assumed. Therefore, our results
confirm that gold deposition via SLRR of Pb UPD ML represents an
elementary redox reaction indeed. However, our conclusion should be

limited only to the range of C§;, that were investigated.

If we are to extend our discussion to lower limits of Cg;, we
could expect, at some point, that transport will start to control the
Au deposition kinetics. Therefore, further decrease of C3;, below the

4.3 x 107 M may result in re
reactant from 1 to 0.'3

action order change in terms of Au**

that AGgpgg is directly proportional to the electrochemical driving
force for SLRR reaction, AEg rr (AG s rr = —(m/p)FAEgigR).
The exact phenomenological description of AEggrr term have been
done in our previous work.!” Recalling this results we can write
proportional relation between AG s, gr and thermodynamic quantities
defining AEg; gy as:’

[aM”‘+ ]m

lapr+]”

Effect of Pb’* concentration on reaction kinetics of Au deposi- ksT In
tion via SLRR of Pb UPD monolayer.—One important result which e

is evident from both types of measurements is that an increase in con-
centration of Pb?>* in reaction solution (C33,) leads to a higher values
of k. A more detailed look of the k' vs. CS, dependences also shows
that the slope in the &’ vs. C% data has a very strong dependence on
the C%;,. This is shown in Figure 7A. We proceed with further analysis
of this observation by having in mind definition of k¥’ presented by Eq.
13. Therefore, we can express the slope for data sets in Figure 6 (for

L=1)as;

AGsprr O — {AE‘;_MF —AEY ,— [17]

}

Here, AE?pyr (AE gy = EOpPY p - EO3" ) represents the electro-
motive force for the bulk M and P galvanic couple (Pb and Au) at
standard conditions. The AE%_,, is the underpotential for M UPD
ML at 6 — 0 limit (Pb UPD shift at 6 — 0 limit) at standard conditions
and ay™ and apP™t are activities of the ions in the reaction solution
(Pb?>* and Au**)." The logarithmic term in the above expression pro-
vides correction for departure from standard conditions and m and p
represent stoichiometry coefficients in the SLRR reaction (Eq. 1 and
Eq. 2). Combining Eq. 15-Eq. 17 and assuming the notation for our
case where M = Pb and P = Au, and taking ay™" = ap,>* ~C$; and
apPt = ap,>T ~CS = const we arrive to the expression which de-
scribes the functional relation between the fundamental rate constant
kand Cg;:

slope =k -£F = kt. [14]

From both types of measurements a linear dependence is observed
between the value of k - £ and corresponding C3;,, which are plotted in
Figure 7A (k- & vs. C%,). A higher concentration of Pb** in reaction
solution leads to a larger values of k - €. The k - £ values from OCP data
are shifted upward reflecting in general a slightly higher values of &’
obtained from OCP transients analysis shown in Figure 6. However,
OCP and surface reflectivity measurements produce almost identical
k- & vs. Cg;, dependence. The slopes of both linear trends are identical,
Figure 7A. Considering that at given conditions, the & can be taken
as numerical constant,”® one concludes that magnitude of C$;, has
significant effect on the fundamental rate constant for SLRR reaction.
The 100% increase in the value of k (or k€) is observed for one order
of magnitude increase in Pb?>* concentration. At this point we make a
modest effort to derive an approximate phenomenological description
of this relation. For this purpose, we recall the basic definition of the
fundamental rate constant from transition state theory;**

AG#)

kgT
Here, AG* represents the free energy of Pb UPD adatom-Au** ion
activated complex illustrated in Figure 7B. From basic postulates of
Marcus theory® of charge transfer we can adopt the definition of AG*
(Marcus inverted region) as:

_ (AGgrer + n’
=

k ocexp (—A — B - In(C3) — C - (In(C33)))) - [18]

The terms A, B and C represent a physical constants that absorb an
intricate relation between fundamental physical constants such as e,
kg, and parameters of the UPD and SLRR system such as AE’ g and
AE’_ , m, p, and \. The experimental parameters that are set const
in our analysis such as T and C§’, are also absorbed into the value of
A, B and C constants. The fit of the functional defined by Eq. 18 to
kg vs. Cp;, data is plotted in Figure 7A-dashed lines. Obviously, the
mathematical form of the Eq. 18 successfully captures the observed
trend. Therefore, we conclude that effect of increasing C%;, lowers
the free energy for SLRR reaction (Eq. 17), which in turn leads to
a lower free energy of the activated complex (energy barrier) for
SLRR reaction, (Eq. 16). Consequently, this leads to a larger values of
fundamental rate constant for SLRR reaction (Eq. 15). This conclusion
is illustrated in Figure 7B.

It has to be mentioned here that same qualitative conclusion about
effect of C%;, on k can be deduced by considering the kinetic theory of
reaction rate.’® Here, we point out that the Pb>* concentration in the
electrolyte has a direct relation to the frequency factor entering the
definition of the fundamental rate constant k.3” This becomes more
transparent if one recalls definition of the exchange current density for

k o exp (- [15]

AG* [16]
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Table IV. Values of rate constants extracted from surface reflectivity measurements for different concentration of supporting electrolyte.

Base Electrolyte: 1073 M Pb?* + 1.35 x 1074 M Au?*

Chicio/ M 0.01 0.04 0.07 0.095 0.12 0.14 0.17 0.2
K /s 0.04913 0.06085 0.05734 0.04769 0.04405 0.03952 0.03074 0.02474
+o/s7! 0.00140 1.51E-3 0.00162 0.00049 0.00184 0.00166 0.00150 0.00106

Table V. Values of rate constants extracted from OCP measurements for different concentration of supporting electrolyte.

Base Electrolyte: 1073 M Pb?* + 1.35 x 1074 M Au’*

Cicio, IM 0.01 0.04 0.07
K 1! NA 0.04506 0.05624
+o /57! NA 0.032872 0.058408

an electrode/metal surface in contact with its ions in solution.* The in-
crease in Pb>* concentration leads to a larger rate of dynamic exchange
between Pb UPD adatoms and Pb?* ions in the solution.*3° Therefore,
we should expect that larger Pb>* concentration produces a higher Pb
UPD adatom-Au** collision frequency as well. This is a prelude to
higher probability of reactive collision between Pb UPD adatoms and
Au** ions yielding a larger values of fundamental rate constant.

Effect of supporting electrolyte on reaction kinetics of Au depo-
sition via SLRR of Pb UPD monolayer.—In order to study the effect
of supporting electrolyte on reaction kinetics we have performed the
set of eight measurements in reaction solution containing X M HCIO,
+ 1073 M Pb** + 1.35 x 107* M Au** (X = 0.01 M; 0.04 M; 0.07
M; 0.095 M; 0.12M; 0.14 M; 0.17 M; and 0.19 M). The individual Pb
UPD coverage and OCP transients together with model fits to extract
the rate constant are shown in supporting material (S10-S11). Here we
show only numerical values of extracted k', Table IV and Table V and
results summary plotted as k" vs. HC1O, concentration (' vs.C ey, )
Figure 8. The k' values extracted from OCP data have shown signifi-
cantly larger standard deviations and thus they are less confident. For
this reasons, some of the data are excluded from the plot in Figure
8B. Importantly, approximately the same values of k¥’ for given range
of investigated Cfj,,, were extracted from both types measurements.
The data yield a linear regression. The effect of Cfy, is quite strong
and it demonstrates that manipulation with supporting electrolyte con-
centration is an elegant way to fine tune kinetics of SLRR reaction.
In our case, the 300% increase in rate constant is achieved easily by
ten-fold dilution of supporting electrolyte.

Analyzing data in Table IV and Table V and Figure 8 one must
appreciate the fact that perchlorate ion does not have any complexing
ability toward either Pb>* or Au®* ions.*° Furthermore, it is likely that
Au** is in its chloride complex (solution prepared from AuCl; salt)

0.06 3.

0.054

K'/s'

0.03 O™

0024 A

000 005 010 015 020
00 -3
CHC]O/ mol dm

0.095 0.12 0.14 0.17 0.2
0.05521 0.04679 0.03613 NA NA
0.040622 0.046579 0.027997 NA NA

as {AuCl,}~ which is much more stable than Au** complexed with
{ClO4}~ ions. In addition to this, for the range of studied C3¢,,
one do not expect a major change in the value of & and thus it
can be considered as & = const. In addition to that, we keep C3,
= const and C§;, = const in these experiments. There is neither ob-
vious effect of supporting electrolyte on reacting species nor there is
an obvious relation between its concentration and definition of £’ (Eq.
13). However, the observed trend can be explained by considering a
basic postulates of Debye-Huckel theory of electrolyte.*! A stronger
presence of supporting electrolyte in the solution influences Debye
length, \p, which is a distance at which the ion charge and coulomb
potential are completely screened by surrounding ions in the solu-
tion. For symmetric supporting electrolyte such as perchloric acid,
Debye length has hp 00(Cfyr0,)""° dependence. Therefore, more
perchlorate ions in solution will reduce the value of Debye length.
This means that the effective coulomb field surrounding a potentially
reacting Au* ion at the surface is felt at the shorter distance if reaction
solution contains more HCl1O,. Because of that, the distance of the
approach between Au** and Pb UPD adatoms necessary for effective
electron transfer/tunneling has to be shorter. This leads to lower spa-
tial probability of reactive encounter between Pb UPD adatoms and
Au’* ions and one could expect a slower kinetics of the redox process
and lower values of the rate constant in solution with higher Ci7e,, .

Conclusions

Our work successfully demonstrates that surface reflectivity is an
enabling method to study the reaction kinetics of metal deposition via
SLRR of UPD ML. Evidently, it does possess certain advantages over
conventional OCP transients based approach. It offers a direct way
to measure the change in UPD ML coverage during SLRR reaction
hence allowing results analysis with equations that have less com-
plexity and fitting parameters as compared to the models developed

0.06+

0.05

-1
O

32 0.04-
0.03

0.02- B

000 005 010 015 020
00 -3
Cmq / mol dm

Figure 8. Summary of rate constants values plotted as a function of supporting electrolyte concentration. (A) Data form surface reflectivity, Table IV and (B)

from OCP measurements, Table V.
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for OCP based kinetics studies.'® The obtained results show clearly
that reaction kinetics of metal deposition via SLRR of UPD ML is
significantly affected by the design of the reaction solution i.e. the
UPD metal ion, depositing metal ion, and supporting electrolyte con-
centrations. Importantly, none of these parameters has predominant
effect on the reaction kinetics. Our study shows that ten-fold change
of concentration of either solution parameter produces approximately
the same change in the value of the rate constants. In addition to these
findings, our study shows for the first time that UPD metal concentra-
tion represents an extra nob to fine tune deposition kinetics. One of
the findings that certainly deserves more experimental and theoretical
studies in the near future is the effect of supporting electrolyte on
reaction kinetics. This, result suggests that proper design of support-
ing electrolyte concentration in reaction solution is an elegant way
to control the speed of SLRR reaction and thus to control the metal
deposition rate. We believe that results presented here have funda-
mental importance for the future development and application of the
metal deposition via SLRR of UPD ML. They offer a link between
the reaction solution design and expected trend in SLRR reaction rate,
which transposes to successful control of deposition flux, nucleation
density'>!7 and resulting morphology of the deposit.*!!
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Appendix

Derivation of “oxygen corrected” first order rate equation.—The change of the Pb
UPD layer coverage during Au deposition which takes both SLRR reactions (Eq. 2 and
Eq. 3) into account can be presented as the first order linear differential equation with
constant coefficients, k" and ko (Eq. 7 and Eq. 13). The change in Pb UPD ML coverage
is expressed as:

do ,
~ Dotk [Al]
dt

After re-arrangement, and multiplication of both sides by X! it transforms to:

r, dO
ekzi

ot ke¥''0 = —koe". [A2]

I Kt
Upon substitution, ket = % in Eq. A2, we get:

Kt
it do de it
— 6= —koe" . A3
¢ dt 0 (A3l
Applying the product rule, (uv) = u'v 4 v'u, where, u = 6 and v = ek’ we get:
d . o
— "0 = —koe*". A4
e oe [A4]
Both sides of Eq. A4 can be integrated which leads to the solution with free constant
C shown below:
ko 4
ek’G:—k—?e"/[-‘rC‘ [A5]
After solving for 6, we get

0=(*".0)- 2. [A6]

From initial conditions we can evaluate the constant C. Att =0, 6 = 1, thus yielding
k N . SN S
C=(1+ 79). Therefore, “oxygen-corrected first order rate equation”, is defined as:

0(r) = (1 + %) ko [AT7]

Derivation of the OCP model using “oxygen-corrected first order rate equation”.—
When the UPD process represents a single energy state, and its electrosorption valence
is equal to the oxidation state of metal ions in the solution, Swathirajan and Bruck-
enstein have developed isotherm (BS isotherm) describing the underpotential-coverage

D167

dependence as;>?

AE = AE) ) — % [m <1L;e> +fe+ge3/2] [A8]

The RT/mF term for the case of Pb UPD ML has the value of 0.013 V at room temper-
ature. In an ordinary experiment, one rather measures a potential E than the underpotential
AE, where AE can be always expressed as E-Ep, ™. Therefore AE can be substituted
with E without changing the mathematical relation and its physical meaning. Combining
above equation with the “oxygen-corrected first order rate equation”, Eq. A7, we get the
final form of the equation used to model OCP transients from deposition experiments as:

E = Ego—0.013V{In

() Sy
) k

ki ko \?
+g(<1+kf?>e(7k')fk—?> . [A9]

List of Symbols
o Bulk concentration of gold ions
s Surface concentration of gold ions
Cicio, Concentration of perchloric acid-supporting electrolyte
Cs, Bulk concentration of lead ions
o Bulk concentration of dissolved oxygen
Do, Diffusion coefficient of oxygen molecule in solution
AE Underpotential
AEgyr Electromotive force for galvanic displacement i.e elec-
trochemical driving force for SLRR reaction.
Eq_.o Potential at which Pb UPD coverage tends to zero
e Elementary charge
F Faraday’s constant
f Temkin parameter
AG* Free energy of the activated complex
AGsirr Free energy of the SLRR reaction
g Frumkin parameter
ko Rate constant for the zero order reaction kinetics (Pb
UPD ML oxidation via dissolved oxygen)
kg Boltzmann constant
kK Rate constant for the first order reaction kinetics (Au
deposition via SLRR of Pb UPD ML)
L SLRR reaction order in terms of the depositing metal
reactant (Au*t)
m Stoichiometry coefficient for metal M, (oxidation state
of metal M)
D Stoichiometry coefficient for metal P, (oxidation state
of metal P)
R Universal gas constant
T Absolute temperature
Greek
0 Pb UPD ML coverage
ryre Surface concentration of the full Pb UPD ML on
Au(111)
3 Interface width
d Thickness of the diffusion layer
p Debye length
PN Reorganization energy
o Standard deviation of the fit
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