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Abstract

We report in situ time-resolved surface x-ray scattering measurements of the underpoten-
tial deposition of Cu®" on Pt(111) in the presence of CI~ in HCIO, solution. Chronoamper-
ometric (current vs. time) measurements indicate that after a potential step, the electrode-
position current decays to 1/e of its initial value in at most 0.12 seconds. In contrast, our
simultaneous time-resolved surface x-ray scattering data reveal that the overlayer requires
on the order of two seconds to develop long-range periodic order. These results demonstrate
that the kinetics of surface ordering can be significantly different from the kinetics of charge-
transfer and illustrate the power of time-resolved surface x-ray scattering for in situ studies
of electrodeposition.

Introduction

The electrodeposition of a metal adsorbate onto a solid surface is a key aspect of im-
portant technological processes such as electroplating and corrosion inhibition. In a number
of cases, metal overlayers can be electrodeposited onto a dissimilar metal substrate at a
potential that is less negative than the Nernst potential (that required for bulk deposition).
Experimentally, this “underpotential deposition” (UPD) provides a precise means for quan-
titatively and reproducibly controlling coverage in the submonolayer to monolayer (and in
some cases multilayer) regime [1-3]. In addition to the surface coverage, both the presence
of other adsorbates, especially anions, and the surface structure of the substrate can pro-
foundly affect the structural and electronic characteristics of the deposit [4-8]. Although
there is a great deal of existing work on UPD lattice formation, the early stages of deposi-
tion are not well-understood [9,10]. In much of this earlier work, the structure of a UPD
overlayer was determined by depositing the overlayer followed by emersing into an ultra-
high vacuum (UHV) chamber and employing established surface science techniques such as
low-energy electron diffraction (LEED). However, such measurements are inherently ez situ
and cannot provide information on the kinetics of deposition. Recently, in situ probes such
as scanning tunneling microscopy (STM) [11-13], atomic force microscopy (AFM) [14], and
surface x-ray scattering (SXS) [15-20] have been applied to UPD systems. In addition to
eliminating the ambiguity of ex situ measurements, they offer the possibility of studying the
kinetics of deposition. Kinetic studies are crucial for identifying the rate-limiting steps in
the electrochemical growth.

The UPD of Cu onto Pt(111) has been extensively studied by a variety of techniques. The
process is very sensitive to the presence of anions and appears to be kinetically controlled.
The exact structure and nature of the overlayer, particularly at intermediate coverages, has
been the subject of some controversy. Based on LEED studies, Michaelis et al. [21] identified



the intermediate overlayer as a 4 x 4 structure. However, in situ anomalous x-ray diffraction
measurements of the overlayer structure as a function of potential by Tidswell et al. [22]
suggest that the intermediate overlayer structure is a more complicated incommensurate
Cu(l bilayer.

Time-resolved surface x-ray scattering is a nearly ideal probe for studying the time evo-
lution of the overlayer structure during UPD. This is a noninvasive technique which can
simultaneously measure from a broad area on the sample, in marked contrast to scanning
probe techniques. X rays in the 0.5 to 1.5 A region are not significantly absorbed by aqueous
solutions allowing for the in situ study of the electrode/solution interface. In addition, the
line shape of the scattered x rays can be interpreted simply in terms of well-known correla-
tion functions, allowing direct tests of theory. Using signal averaging techniques, transient
structures with lifetimes as short as a few psec can be studied [23].

Experiment

Experiments were performed at the X20A beamline at the National Synchrotron Light
Source using an in situ reflection-geometry x-ray scattering cell. This cell is an adaptation
of the design originally developed by Toney [24]. All values of the applied voltage are refer-
enced to a Ag/AgCl reference electrode. Our sample was a single-crystal Pt(111) electrode,
immersed in a solution of 1mM Cu?" and 10mM Cl~ with 0.1 M HCIO, as a supporting
electrolyte. Polypropylene film was used to cover the sample and contain the solution, as
depicted in Figure 1(a). During the experiment, chronamperometric measurements were
synchronized with the time base of a multi-channel scalar, which recorded the intensity of
the scattered x rays. We were thereby able to acquire simultaneous in situ time-resolved
measurements of x-ray scattered intensity and charge-transfer.
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Figure 1: (a) Cartoon of the in situ x-ray scattering cell. X rays penetrate the polypropylene
film and solution to diffract from the ordered monolayer structure on the electrode surface.
(b) The Pt(111) surface with surface lattice vectors a, b, which are perpendicular to ¢ =
(111). (c) Reciprocal lattice vectors corresponding to the unit cell chosen in (b); a* and b*
subtend 60°.

Since we will be discussing structural measurements referenced to the platinum surface,
a brief description of the crystallographic notation is in order. Platinum has a face-centered
cubic (fcc) crystal structure with a cubic lattice spacing of 3.9231 A. The bulk-terminated
(111) surface of platinum has sixfold symmetry; therefore, in most surface diffraction studies,
the crystal lattice is described in terms of a hexagonal lattice with the c axis along the (111)
direction. Thus the fcc (111), (200), and (020) Bragg peaks are respectively mapped
onto the (003), (112), and (012) in surface units. A more thorough description can be



found in Reference [25]. Points in reciprocal space are usually indexed by (HKL), where
the momentum transfer vector is ¢ = Ha + Kb + Lc.

Figure 2 represents the present understanding [21,22] of the UPD of Cu/Cl onto Pt(111).
There are three distinct equilibrium phases, here labeled A, B, and C. At the rest poten-
tial, Cl~ is adsorbed onto the electrode in an amorphous state. As the applied potential
is ramped negatively, a current peak is observed. Beyond this peak, the Cu and Cl form
an incommensurate “overlayer” pattern which is well-ordered. This is phase (B). As the
applied potential is again ramped negatively, the current again peaks, signalling the tran-
sition to another phase (C). Here, the Cu and Cl form a tighter overlayer structure which
is commensurate with the Pt(111) electrode substrate. If the potential is ramped positively
towards the rest potential, current peaks are found which correspond to transitions between
the phases, now in the opposite direction.
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Figure 2: (a) An in situ (in the x-ray cell) Figure 3: Comparison of the scattered
cyclic voltammogram at 5mV /second for Cu  X-ray intensity at the (0.765 0 1.5) in-
UPD on Pt(111) in 0.1 M HCIOy, solution con- ~ commensurate overlayer diffraction peak
taining 1mM Cu?* and 10mM CI=. (b) (shown by a cross in the inset) in the two
Schematic depiction of the electrodeposition — distinct phases, corresponding to the in-
process moving from a disordered chloride commensurate overlayer (350mV) where
layer (A) to a Cu and Cl~ overlayer with long-  the peak is present, and commensurate
range order (B) and finally to a full Cu mono-  overlayer (200mV) where the peak is ab-

layer (C) as the potential is made progressively ~ sent. The solid line is a fit to a pseudo-
more negative. Voigt lineshape, to guide the eye.

Results

This paper concentrates on the transition between phases (B) and (C). That is, we are
studying the transition between two ordered phases as a function of applied potential. In the
former phase (B), the CuCl overlayer has a lattice spacing approximately 30% greater than
the lattice spacing between Pt atoms on the (111) surface [22]. Hence, rods of scattering
which are sharp in the a* and b* direction but diffuse in the c¢* direction should be observable.
The intensity along c* is not entirely uniform; its modulation can provide information about
the spacing between the Cu and Cl planes in the overlayer. In the latter phase (C), the CuCl
overlayer is commensurate with the Pt(111) rod. So the rod of scattering from the overlayer



interferes with the scattering from the crystal truncation rods (CTR) of the Pt(111) surface
[26]. This makes the interpretation of changes in intensity more complicated. Nonetheless,
these modulations of the CTRs are easily observable and can be fit to provide structural
information on this phase as well. This analysis is greatly simplified by the fact that Pt(111)
is known not to reconstruct in this potential window.

Figure 3 shows the scattering found at the (0.765 0 1.5) position at two different values
of the applied potential, clearly demonstrating the presence of the incommensurate over-
layer structure at a higher value of the applied potential and its absence at a lower value
corresponding to the commensurate structure. The full width at half maximum of this peak
corresponds to a coherence length of at least 120A. The potential-independent background
shown in this figure is due to scattering from the solution and the polypropylene film.
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Figure 4: (a) Applied potential steps. (b)
Transient currents observed when this po-
tential step sequence is performed. (c) Si-
multaneous in situ X-ray scattered inten-
sity of the overlayer diffraction peak as
a function of time. The development of

Figure 5: Scattered intensity as a func-
tion of time ¢ and scattering vector, q
= (0.765 K 1.5). The peak remains cen-
tered at k£ = 0, ruling out the possibility
that the overlayer simply shifts its period-
icity in response to the voltage stimulus.

long-range periodic order in the overlayer
(panel c) requires significantly more time
than that required for the charge-transfer
at the electrode surface (panel b).

To study the kinetics of the Cu/Cl/Pt(111) UPD process, we performed the applied
potential square-wave cycle shown in Figure 4(a). Initially, the potential began at 200 mV
where there is a CuCl overlayer commensurate with the Pt(111) electrode surface (phase C).
Then at t = 5 seconds, the potential was stepped to 350 mV, conducive to the formation of
an incommensurate CuCl overlayer (phase B). At ¢ = 25 seconds, the potential was stepped
back to the original 200mV. This cycle was repeated ten times to gather statistics for the
simultaneous x-ray measurement.

Figure 4(b) shows the transient currents observed when this potential step sequence is
performed. These currents are generated by the stripping of Cu?* and/or the adsorption of
C1™ on the positive potential step and the reverse for the negative potential step. The area
under each current transient represents the total charge transferred during the process and
can be used to identify the electrochemical process. For each step, the total charge transfer



is £ 1mC. The time for the current to fall to 1/e of its original value is 0.08 seconds for the
positive step, and 0.12 seconds for the negative step. These time scales are too slow, and the
charge transfers too large, to be explained by charging of the double-layer. However, these
parameters are completely consistent with the UPD processes depicted in Figure 2(b).

Time-resolved x-ray data were acquired simultaneously with these chronamperometric
measurements. These data are presented in Figure 4(c) which shows the intensity of the
(0.765 0 1.5) overlayer diffraction peak as a function of time. A representative error bar is
displayed in the upper right-hand corner. Hence, the fluctuations in the measured intensity
can be seen to arise from counting statistics. These intensities were fit to an exponential line
shape for the purpose of estimating time constants. The intensity rise at ¢ = 5 seconds, due
to the formation of an ordered overlayer, has a time constant of 2.3 seconds. In contrast,
the intensity fall at t = 25 seconds has a characteristic time constant of 0.75 seconds. This
demonstrates that the ordering process for the incommensurate overlayer is slower than
its disordering, an intuitively pleasing result. What is more surprising is the enormous
discrepancy in time scales between the charge-transfer shown in panel (b) and the x-ray
scattering signal in panel (c). Clearly, the development of long-range periodic order in the
overlayer requires significantly more time than that required for the charge-transfer. Thus,
charge-transfer at the electrode surface is not the rate-limiting process.

One contingency that must be allowed for is the possibility that the peak could be
moving in H or K. At the (0.765 0 L) position, this would correspond to the overlayer
expanding/contracting or rotating with respect to the underlying platinum lattice. Hence,
it is necessary to take time-resolved g-scans, rather than simply monitoring the intensity
at a single point in reciprocal space. A representative ¢-t-scan is shown in Figure 5. From
these and similar scans, the peak is simply appearing and disappearing, and not altering
its periodicity in a continous manner. This indicates the slow and uniform ordering of the
incommensurate overlayer and its more rapid dissolution, in agreement with the results for
the peak intensity shown in Figure 4.

Conclusions

In summary, by combining chronoamperometric measurements with time-resolved surface
x-ray scattering, we have demonstrated that the transfer of charge during the deposition and
stripping process is far more rapid than the time required to form an ordered CuCl overlayer.
Electrochemical measurements alone are insufficient to determine the rate-limiting steps in
this UPD system. This illustrates demonstrate the power of time-resolved x-ray scattering
as an n situ probe of the kinetics of UPD processes in particular, and of interfacial growth
in general.

Given the success of these experiments, we are currently carrying out further measure-
ments to probe the height-height correlation function throughout the underpotential depo-
sition cycle. Detailed line shape analysis will provide information on the time-dependent
order parameter and correlation lengths along the surface. For instance, monitoring peak
widths (such as shown in Figure 5) yields domain sizes of growing islands on the surface as a
function of time. These studies will further elucidate the microscopic details of surface and
interface evolution.
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