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ABSTRACT

A simple method is presented for measuring the surface diffusion coefficients of Au and Pt atoms at electrodispersed
electrodes of the same metals in contact with 0.5M H,SO,. The technique is based upon the time dependence of the surface
roughness factor of electrodispersed metal overlayers. The method requires a model for the surface roughness of the metal
structure. The model is deduced from microscopic measurements by a STM integrated into a conventional SEM micro-
scope. This allows the relationship between the roughness factor and the area of the surface structure to be obtained. For
Au and Pt in contact with an electrolyte solution, the values of our diffusion coefficients are higher than those reported in

vacuum at the same temperature.

The evaluation of surface diffusion coefficients from par-
ticle coalescence processes is widely used in solid-state
physics. Usually the methods involve the estimation of the
time dependence of crystal size by microscopy (1), optical
diffraction (2), or ion scattering (3), and the use of the
theory developed first by Mullins (4) and extended in re-
cent years by several authors (5, 6).

Surface diffusion plays an important role in many elec-
trochemical processes such as electrocrystallization of
metals, metallic corrosion, and electrocatalysis. Typical
examples of materials whose properties become time de-
pendent due to surface processes, involving the surface
diffusion of metal atoms, include the electrochemical be-
havior (7) and structure (8) of electrodeposits grown under
different conditions, the stability of small metallic parti-
cles used in dispersed-type metal electrodes as those used
for electrochemical energy conversion devices (9), and the
surface roughness properties of large active area
electrocatalysts (10). Atomic mobility, increased by sur-
face contaminants, also appears to be involved in stress
corrosion cracking (11).

In spite of the importance of surface diffusion, available
diffusion coefficients as determined in vacuum (1) or in air
do not account for the presence of the electrolyte.

We have recently undertaken a study of the roughness
structure of samples produced by an electro-oxidation-
electrodeposition process (electrodispersed metal over-
layers) (7). The combination of electrochemical measure-
ments together with microscopic measurements by a scan-
ning tunneling microscope (STM) integrated into a
conventional SEM (16) has resulted in a model for the
roughness structure. This model attributes the large
roughness factor of the electrodes to the area of columnar
type grains (Fig. 1). The lateral area along the depth of the
reduced metal is responsible for the roughness increase.
The radius of columns can be measured by STM. The
height can be related to both electrochemical and SEM
data (7). However, the columnar structure is unstable, de-
creasing its surface area and, accordingly, the surface
roughness factor with the aging time.

We propose, in the present paper, a simple method to es-
timate the surface diffusion coefficients of metal atoms in
electrochemical systems based on the time dependence of
the surface roughness factor of electrodispersed metal
overlayers as measured by conventional voltammetry. The
technique proved to be successful for evaluating the sur-
face diffusion coefficients of Au and Pt atoms in contact
with aqueous acid solutions at different temperatures. The
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results are compared with literature values for those met-
als in vacuum and air.

Experimental

The electrochemical arrangement consisted of a three-
compartment glass cell provided with a polycrystalline
(pc) wire working electrode (Au 99.999% and Pt 99.999%), a
large counterelectrode of the same metal used as working
electrode and a mercury/mercurous sulfate reference elec-
trode in solution of 0.5M H,SO, deaerated by bubbling
purified N,. In the text, the working electrode is referred to
as the standard hydrogen electrode (SHE).

The experimental work comprised the following stages:

The preparation of the electrodispersed metal
electrode.—The procedure for the preparation of the elec-
trodispersed metal involved, first, the accumulation of a
relatively thick metal oxide layer on the metal electrode
and, second, its electroreduction to produce the electrodis-
persed metal overlayer (12). The relatively thick oxide
layer accumulation resulted from the application of repeti-
tive square wave perturbing potential (RSWPP) to the

“

++
[
— A=

!
|
|
|
1
|
I
I
I
I
\
|
I
|
|
!
I
1
|
]

7771 777

Fig. 1. Cross section of an ideal rounded cap columnar structure. The
column height, h, and radius r are indicated. The column radius is equal
to the rounded cap radius. d is the intercolumn distance.
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working electrode at a frequency of 4 kHz, the lower and
the upper potentials being fixed at 0.6 and 3.1V for Au and
0.05 and 2.0V for Pt.

The metal overlayers were obtained through the po-
tentiodynamic electroreduction of the thick oxides layers
proceeded at a potential sweep rate of 0.02 V/s for Au oxide
and 0.001 V/s for Pt oxide-covered electrodes. Under these
conditions, the RSWPP procedure yielded the maximum
development of roughness for electroreduced Au and Pt
overlayers, respectively (13, 14). The corresponding elec-
troreduction charge density, q, was evaluated from the po-
tentiodynamic electroreduction profiles.

Electrochemical evaluation of the metal overlayer rough-
ness factor—The surface roughness factor of the metal
overlayer, R, was defined as the ratio between the O-
adatom monolayer electrodesorption charge density deter-
mined voltammetrically for preset potential, sweep rate,
and switching potential conditions for the metal overlayer
and the charge density for the O-adatom monolayer on
both polycrystalline Au and Pt. The value of the latter for
both metals was taken as 0.42 mC/cm? (15).

Open-circuit aging of the metal overlayer—The metal
overlayers were aged at open circuit by keeping them con-
tinuously immersed in the deaerated 0.5M H,SO, and at a
constant temperature, T. Periodically, the value of R of the
decaying specimens was tested.

SEM and STM ex situ imaging.—The ex situ SEM-STM
images of the different specimens were obtained immedi-
ately after each specimen was removed from the electro-
chemical cell by using the combined SEM-STM micro-
scope. This instrument allows one to image
simultaneously a preselected domain of the electrode sur-
face by means of both microscopes. A detailed description
of this microscope, and its application have been reported
elsewhere (16, 17). To obtain the STM images special care
was taken to select the tip. For these highly corrugated
specimens, the macroscopic shape of the tip becomes ex-
tremely important to obtain a good quality image (17). We
used W tips electrochemically etched in 0.1N NaOH. We
obtained tips of typically 0.1 um radius as we could actu-
ally measure by SEM (7).

The following imaging procedure was applied. First, the
SEM device was used to address the tip to a representative
region of the specimen, and the STM images were taken.
The sampled region was identified and the corresponding
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SEM micrographs were obtained. The STM data are dis-
played as three-dimensional representations.

Results

Kinetics of the aging process.—The time evolution of R
for electrodispersed Au and Pt overlayers in 0.5M H,SO,
under open circuit was followed through a voltammetry
run at 0.1 V/s between 0.05 and 1.60V. For both Au and Pt
overlayers R decreases as t, the aging time, increases
(Fig. 1a and b). The initial rate of change of R [(dR/dt)t — 0]
becomes considerably greater as T is raised from 273 to
325 K (Fig. 2a). At constant T, (dR/dt)t — 0 increases ac-
cording to the volume of the electrodeposited metal over-
layer proportional to g (Fig. 2b), which in turn depends on
the accumulated oxide layer average thickness. The latter
can be adjusted by changing the duration of the RSWPP
treatment to build up the thick oxide layer on the elec-
trode surface.

For a constant value of g and t > 300s, the dependence of
R on t can be deduced from the linear behavior of 1/R vs.
t4, The slopes increase when T increases (Fig. 3a). Be-
sides, at a constant T, the values of the slopes decrease as g
increases (Fig. 3b, ¢) but under comparable experimental
conditions the rate of change of R with ¢ for the Au over-
layer is considerable larger than for the Pt overlayer.

SEM and STM observations.—SEM observations of cross
sections of Au (q = 1.2 C/cm?) and Pt (q = 0.7 C/cm?) over-
layers immediately after their preparation indicate that the
average values of the metal overlayer thickness, h, is
h =9 x10"®and h =4 x 107® cm, respectively (Fig. 4a and
b). These figures of h do not change appreciably along the
aging process (t = 9 X 10%).

The surface structure of the electrodispersed Au and Pt
electrodes as observed by STM (Fig. 5a, 6a) shows the de-
velopment of grains. They can be described as a rolling hill
structure. The corrugation normal to the surface is very
variable. This has two consequences:

1. For high corrugation values, tip size influences the
slope of the structures, but the latter is independent of the
STM scan speed; thus, the measurement of the radius is
more precise on the low-corrugation grains.

2. Contour-line representation, which is useful to get a
better image of grain slope, loses resolution in the z-direc-
tion (this is the reason why we do not show such represen-
tation of the data).
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Fig. 2. R vs. t plots. (a) Electrodispersed Au overlayers produced from a constant amount of gold oxide, g = 1.9 C/em? Temperature influence. (b)
Electrodispersed Pt overlayers obtained from different amounts of platinum oxide, T = 298 K.
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Fig. 3. /R vs. t"4 plots. (a) Data from Fig. 1a. (b} Electrodispersed
Au formed from different amounts of gold oxide, T = 298 K. (c) Data
from Fig. 1b.

With these ideas in mind we have estimated an average
radius of the grains of ~150A for Au electrodes and ~100A
for Pt. So, the grains in Pt are smaller than in Au.

The aging process is characterized by a coalescence of
grains. This process is better observed on Au, as it can be
even observed by SEM. Figure 5b is a three-dimensional
representation of STM data corresponding to Au. Three
points have to be considered:

1. The size of the aged structures formed by small units
can reach a radius ~1000A.

2. The individual units which form the big grains are re-
solved in the STM image. They are grouped into four or
more units.

L an
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3. Big channels left after the process are observed in the
STM image. The channels must develop because the coa-
lescence process occurs without a change in the depth of
the metallic layer.

Pt relaxation, on the other hand, is not so acute but mor-
phological changes are clearly observed in the STM image
(Fig. 6b): the grains are smoother, bigger, and more uni-
form. It is important to note that for Pt the process of coa-
lescence is only resolved in our STM/SEM combination by
the STM. Another important result is the clear link be-
tween the roughness factor R and the average radius of the
grains r observed by STM. This fact was seen previously
for Au (7) and is now confirmed for Pt.

Discussion

For an ensemble of small growing particles in order to
minimize the total surface and interfacial free energy, v, of
the system, the coalescence process is thought to proceed
by surface diffusion of adatoms from sites of higher to
sites of lower chemical potential, i.e., a surface diffusion
process from small to large size particles. This mechanism
implies that concentration gradients of surface adatoms
originate at the crystallites surfaces (4), and in this case the
time dependence of the radius of the coalescing particles,
T, is given by the expression

') _ 2ya*D,
dt kT

(11

where a is the lattice parameter, D, is the surface diffusion
coefficient, v is the surface tension, and k is the Boltzmann
constant. The integration of Eq. [1] between t =0 and t
results

2vatDgt
rort=t 2]
kT
where 71, is the radius for ¢ = 0.
For the condition
2va*Dit
i >> rt (31
kT
Eq. [2] reduces to
2vya'Dit
r=2 [4]
kT

Equation [3] implies that for a certain range of t satisfying
the above mentioned condition a linear r vs. t¥* relation-
ship is fulfilled. Therefore, Eq. [2] and (4] allow the value of
D, to be obtained through the measurement of the change
in r with time either by microscopy (1) or by diffraction (2)
techniques. This way of evaluating r is not easily applica-
ble to electrochemical systems, particularly those involv-
ing large surface areas of electrodes and crystallite sizes in

Fig. 4. SEM micrographs of the electrodispersed metal overlayer cross sections: (a, left} Au; (b, right) Pt
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Fig. 5. (a, left) STM of electrodispersed Au obtained immediately after its formation; (b, right) the same specimen after 6 X 10% aging in H,50,

at 325 K. The total area imaged is 0.78 X 0.58 pum.

the order of nm. As shown in Fig.2 and 3 and in STM
image (Fig. 5, 6), the time dependence of R as resulting
from conventional voltammetry, appears to be directly re-
lated to changes in the average particle size. This fact of-
fers then the possibility of estimating the value of D, from
‘the time dependence of R which reflects the average parti-
cle size of the electrode material.

For both Au and Pt electrodispersed overlayers, the
combined STM/SEM imaging conclusively indicates the
development of a rounded cap columnar-type structure. In
the case of a close-packed array of columns, the relation-
ship among R the average column height, h and its average
radius, r, for h >> ris given by the following expression (7)

R(t) = (5]

where R(1), h(t), and 7(t) denote the instantaneous values of
R, h, and r, respectively.

The time dependence of 7 is given by Eq. [2] and [4].
Otherwise, let us assume that the aging process involves a
rate of change of r much greater than that of b, i.e., the con-
dition (dh/dt)/h << (dr/dt)/r is fulfilled. Then it results

h = h, (6]

where h, denotes the h value for ¢t = 0.

The validity of Eq. [5] is supported by SEM micrographs
of the overlayer cross section exhibiting after aging no ap-
preciable changes of h. Besides, it is also reasonable to
consider that the value of h is directly related to h(ox), the
oxide layer average thickness accumulated during the
RSWPP treatment. Thereby, the value of h(ox) can be esti-
mated from the equation

Mq
hi =__ 7
(ox) o [7]

X:4@2@4A

where M and p are the molecular weight and the density of
the oxide, respectively. F is the Faraday constant, z is the
number of electrons transferred per mole of oxide, and g is
the corresponding electroreduction charge density. By
using Eq. (7] with the following figures M = 442 g/mol,
p=11glem?, z=6, q=12C/em? for Auy,0O; and
M = 227 g/mol, p = 10.2 g/em?, z = 4, g = 0.7 C/cm? for PtO,,
the resulting values of h(ox) are § x 107% and 4 X 1075 em
for Au and Pt, respectively. These figures are in good
agreement with the values of h estimated from the corre-
sponding metal overlayer cross sections (Fig. 4). These re-
sults demonstrate that the electroreduction of the metal
oxide layer yielding the electrodispersed metal under the
experimental conditions described in the present work, is
a constant volume process so that a low density metal
layer is produced. Accordingly, the following approxima-
tion can be written

h = h(0x) i8]

i.e., the height of the columnar structure can be taken ap-
proximately equal to the height of the oxide layer. This
conclusion is consistent with the structure of the overlayer
as derived from the STM-SEM data consisting of a col-
umnar structure and a large number of voids and chan-
nels. So, the Eq. [5] valid for a close-packed cubic array has
to be changed to take into account the lower density of the
deposit and the fact that h =~ h(ox). This can be done just
by including a factor 2/3 in Eq. [3], so [5] becomes

Ry =0 [9]
3
Combining Eq. [4], [6], [7], [8], and [9] one obtains
M
R(t) = b [10]

3(2va*DJ/kT)V(zFp)t

Fig. 6. {a, left) STM image of electrodispersed Pt overlayer obtained immediately after its formation; (b, right) the same specimen after 6 X 10%

aging in H,50,, 325 K. Total area imaged is 0.62 X 0.62 pum.
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When Eg. [10] is written as follows

1 2va'D,\ ¥4 (zF
1 [3( Y ) Ql]tm (1]
R kT wMq

The plot 1/R vs. t'* yields straight lines for the interval of ¢
compatible with the validity of Eq. [4]. From the value of B,
the slope of the straight lines which is given by the

equation
2va*D\ 4 [ zpF
B =3< Y ) <———p ) [12]
kT wMq

it is possible to evaluate D, by using, y = 900 and vy = 1800
erg/cm? and a = 4.07 x 107% and 3.9 x 1078 cm for Au and
Pt, respectively (18) and the g values resulting from the
electrochemical measurements. The D, values obtained for
both metals are presented in a In D, vs. 1/T plot in Fig. 7.

As expected from Eq.[11] and [12] the slope B decreases
linearly as g and R increase (Fig. 8). When condition [3] is
fulfilied, as it is for the case of T = 298 K and t > 300s, the
value of r must be smaller than 10 and 116A for Pt and Au,
respectively. These figures, however, are certainly lower
than those directly obtained from STM-SEM imaging, due
to the proper coalescence process interfering during meas-
urements.

On the other hand, at the temperature T, the value of D,
depends on the T/Tm ratio, where Tm is the melting tem-
perature. It should be noted that for each metal D, in-
creases as T increases, and that for a constant T, D, for Pt is
lower than that for Au (Fig. 7). Furthermore, the plot of
data In D, vs. 1/T can be reasonably fitted to straight lines,
the slope of these lines yielding an activation energy for
surface diffusion, Ea, close to 14 and 19 kcal/mol for Au
and Pt, respectively. Both Ea values are lower than those
reported in the literature for surface diffusion of Au
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Fig. 8. R vs. B (a) and q vs. B (b) plots for electrodispersed Au over-
layers; R vs. B {c} and g vs. B {(d) plots for electrodispersed Pt over-
layers.

[10-40 keal/mol (1); 21 keal/mol (19)] and Pt [22 kcal/mol (1)]
in vacuum and in air. Therefore, the D, values for atomi-
cally flat Au in vacuum at room temperature obtained by
STM measurements was estimated between 1071 and 102
cm? s7! (20). A comparison between recent data for Au in
air obtained by peak to peak measurements using STM
(19) and our results are also presented in Fig. 9. The differ-
ences are not surprising when one takes into account the
gap between surface processes in vacuum and at con-
densed interfaces. The increased surface mobility as com-
pared to the metal/vacuum system can be related to anions
and H,O molecule adsorption on the metal surfaces. This
fact correlates very well with the recent results obtained
by in situ STM microscopy (21, 22) which show that ad-
sorbed ions like Cl~ increase the surface atomic mobility.

Conclusions

For the first time, a simple method has been developed
for measuring surface diffusion coefficients in electro-
chemical systems involving electrodispersed Au and Pt
electrodes. The method is based on the time dependence
of the surface roughness factor of metal overlayers. The
method requires a model of the rough metal structure in
order to obtain the relation between the surface roughness
factor and the geometric parameters of the electrodis-
persed metal layer. This model is based on the measure-
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Fig. 9. In D, y vs. 1/T plots for Au in air [Ref. (19)] (M) and for Au in
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ment of the surface topography of the electrodes by STM,
in particular the size and diameter of the columnar-like
structure and its evolution during time. It is shown that,
for a rounded cap columnar structure, the estimation of
the thickness by coulometry and the evaluation of the
roughness factor through conventional voltammetry allow
one to obtain the value of the surface diffusion coefficient.
For Au and Pt the measured values of the surface diffusion
coefficients in 0.5M H,SO, appear to be higher than those
reported in vacuum.
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The Electrocatalytic Reduction of Nitrate Mediated by

Underpotential-Deposited Cadmium on Gold and Silver
Electrodes in Acid Media

Xuekun Xing* and Daniel A. Scherson™*
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Cleveland, Ohio 44106

Cecilia Mak**
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ABSTRACT

Rotating ring-disk electrode techniques have been employed for the investigation of the electrocatalytic reduction of
nitrate induced by underpotential-deposited cadmium on Au and Ag surfaces. Based on Albery’s kinetic analysis it has
been concluded that for concentrations of nitrate in the millimolar range, the reaction products depend on the pH of the
solution. Specifically, for pH = 3, the reaction yields predominantly nitrite, whereas for pH = 1, the process proceeds be-
yond the nitrite stage to generate products which do not undergo oxidation on a Au ring electrode polarized at potentials
as high as 1.0V vs. SCE. Additional evidence in support of these results was provided by exhaustive bulk electrolysis ex-
periments. The lack of linearity of some of Albery’s diagnostic plots could be accounted for quantitatively by a numerical
integration of the differential equations which govern disproportionation-type reactions at rotating ring electrodes. Good
agreement was found between theory and experiment using independently determined values for the rate constant of dis-

proportionation of NO, in solution.

The reduction of nitrate ions has received considerable
attention over the last three decades, mainly because of
the possibility of utilizing abundant and inexpensive
sources for the production of useful chemicals (1-9). Exam-
ples of these include N,O, a compound used as an anes-
thetic in medical applications, NH,, a nitrogen source in
fertilizers, and hydroxylamine, NH,OH, a material of cru-
cial importance in the manufacture of caprolactam and al-
doximes. Hydroxylamine undergoes protonation in nitric
acid to yield hydroxylammonium nitrate which is an effi-
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cient agent for the reduction of plutonium to the trivalent
state and a key ingredient in the development of liquid
propellant systems (10). An area in which the conversion of
nitrate into ammonia may also find application is the recy-
cling of strongly alkaline solutions used in the neutraliza-
tion of nitric acid waste clean-up solutions in the nuclear
industry (11).

The large scale production of some of the reduced forms
of nitrate has involved almost exclusively a combination
of homogeneous phase reactions and simple heteroge-
neous catalysis (12-14). The possibility of using electro-
chemical techniques for these processes appears espe-
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