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In this paper, we report the long-range ordering effect observed in the electro-crystallization of Zn and ZnO
from an ultrathin aqueous electrolyte layer of ZnSO4. The deposition branches are regularly angled, covered
with random-looking, scalelike crystalline platelets of ZnO. Although the orientation of each crystalline platelet
of ZnO appears random, transmission electron microscopy shows that they essentially possess the same crys-
tallographic orientation as the single-crystalline zinc electrodeposit underneath. Based on the experimental
observations, we suggest that this unique long-range ordering effect results from an epitaxial nucleation effect
in electrocrystallization.
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I. INTRODUCTION

Pattern formation in electrochemical deposition has been
studied for decades �1–17�. Among many areas of research,
spatiotemporal oscillation in electrodeposition is of particu-
lar interest �18–28�. During electrodeposition of zinc, it has
been observed that the electric current and voltage may spon-
taneously oscillate. The dynamic behavior of the electric cur-
rent and voltage has been extensively investigated
�19,23,28�, and relations of the oscillating electric current
and the periodic change of concentration field in front of
growing zinc electrodeposits have been reported �28�. Re-
cently, it has been observed in electrodeposition of copper
that spontaneous, periodic oscillation of the electric signal is
associated with the formation of periodic nanonodules on the
deposit filaments �25,26�. In many cases the electrodeposits
were polycrystalline, and there was no strong correlation
among the crystallites in the branches. For this reason, in
many previous studies, electrodeposition was regarded as a
polycrystalline aggregation process, where deposit morphol-
ogy was controlled by the macroscopic Laplacian fields, such
as the electric and concentration fields. However, in previous
studies people did find a few systems in which the electrode-
posits tended to be single crystalline �28–30�. This is an
important feature that may lead to a long-range ordering ef-
fect in electrodeposition.

On the other hand, in electrodeposition of metal from
aqueous electrolytes, very often the metal oxides are code-
posited when the pH of the solution is not sufficiently low, or
the oxygen dissolved in the electrolyte remains in a high
concentration �21,25,26�. People may intentionally change
the electrode potential periodically to generate nanostruc-
tures of the metal and metal oxide �21�. Since the metal
oxide and metal have different structural parameters and
electric properties, it is interesting to find out how the crys-

tallites of metal and metal oxide nucleate in electrodeposi-
tion, and what the relation of the crystallographic orientation
of these crystallites is.

In this paper, we report a unique long-range ordering ef-
fect observed in the electrocrystallization of zinc from an
ultrathin aqueous electrolyte layer of ZnSO4, which has not
been reported before to the best of our knowledge. The de-
posit branches are regularly angled, covered with scalelike
crystalline platelets of ZnO. Transmission electron micros-
copy �TEM� shows that, although orientation of each platelet
of ZnO appears random, the platelets possess the same crys-
tallographic orientation, and cluster along a branch of the
electrodeposit. TEM studies indicate that the crystallographic
orientations of the zinc trunk and the ZnO platelets are
strongly correlated. Based on the experimental observations,
we suggest that this unique self-organized long-range order-
ing effect in electrocrystallization could be explained by ep-
itaxial nucleation �31,32� on specific facets of the crystallite.

II. EXPERIMENT

The electrodeposition was carried out in a cell made of
two cleaned glass plates. The electrodes were two parallel,
straight bars 8.0 mm apart and fixed on the bottom glass
plate. The anode was made of a pure zinc wire �99.9%,
�0.5 mm� and the cathode was a graphite rod ��0.5 mm�.
The electrolyte of ZnSO4 �0.05M, pH=4.5� was confined in
the space between the upper and lower glass plates and the
electrodes. The separation between the upper and the bottom
glass plates was 70 �m, achieved by using spacers. The de-
tail structure of the experimental setup was similar to that
reported before �25,26�. The electrolyte solution was pre-
pared by dissolving analytical reagent ZnSO4 in deionized
ultrapure water �Milli-Q Acdemic A10, electric resistivity
17.8 M� cm�. No special treatments were applied to the
glass plate surface except for conventional cleaning. A
Peltier element was placed beneath the electrodeposition cell
to control the temperature. Both the deposition cell and the
Peltier element were sealed in a thermostat chamber. The
electrolyte solution was solidified by cooling the deposition
cell from the bottom. Nucleation of the ice of ZnSO4 elec-
trolyte initiated from the bottom glass plate. During the so-
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lidification process, ZnSO4 was partially expelled from the
solid �known as the segregation effect in crystallization
�31,33��. Hence, the concentration of ZnSO4 increased in
front of the ice-electrolyte interface. It is known that the
temperature at which an electrolyte solidifies �melting or so-
lidification point� depends on the electrolyte concentration.
For an electrolyte of ZnSO4, the solidification temperature
decreases when this concentration is increased. When ther-
modynamic equilibrium was eventually reached at the setting
temperature �−4 °C, for example�, an ultrathin electrolyte
layer with concentrated ZnSO4 was trapped between the ice
of electrolyte and the glass substrate. The thickness of this
trapped layer depended on temperature and initial concentra-
tion of the electrolyte. Electrodeposition was carried out in
this ultrathin, highly concentrated electrolyte layer of ZnSO4.
The concentration in this layer should not exceed the satu-
rated concentration at −4 °C, otherwise crystallites of
ZnSO4 will be generated due to supersaturation.

In order to achieve a flat, uniform ice-electrolyte inter-
face, several melting-solidification cycles were repeated, so
eventually only one or just a few ice nuclei survived in the
system. Great care was taken in solidification to avoid the
formation of cellular and dendritic ice-electrolyte interfaces.
Usually, a very low solidification rate is applied. The solidi-
fication process was monitored with a research optical mi-
croscope �Orthoplan-pol, Leitz�. The morphology of the
electrodeposits was further observed and analyzed with a
field-emission scanning electron microscope �FESEM� �LEO
1530VP� and a high-resolution transmission electron micro-
scope �JOEL 2000�.

When solidification of electrolyte has completed and an
ultrathin film has been formed, a constant voltage �or cur-
rent� is applied across the electrodes. Electrodeposits initiate
from the cathode and develop on the glass plate. Figure 1�a�
shows the scanning electron micrograph of the electrodepos-
its. One may see that all the sidebranches of the deposit
possess nearly the same angle with respect to the main trunk.
The inset in Fig. 1�a� demonstrates the statistics of the angle
of the sidebranches and the main trunk. A distinct peak ap-
pears at 60°. Further observation indicates that the deposit
branches are covered with randomly orientated crystalline
platelets. Very often the platelets are clustered, periodically
distributed on the electrodeposit branch, as shown in Fig.
1�b�.

For electrodeposition with a galvanostatic mode, we find
that the voltage across the electrodes oscillates spontane-
ously. The alternating voltage is shown in Fig. 2�a�, and the
Fourier transform of the voltage signal is illustrated in Fig.
2�b�. The oscillation frequency depends on the electric cur-
rent and the pH of the electrolyte. We observed that the
oscillation frequency increases when the electric current be-
comes higher. The same tendency appears on increasing the
pH of the electrolyte: the oscillation speeds up at higher pH
values �34�. Indeed, the spontaneous oscillation of the
current-voltage signal in zinc electrodeposition has been re-
ported before by several groups �19,24�. The difference of
our current results and previous ones is that in this report the
thickness of the electrolyte layer has been restricted to a few
hundreds of nanometers, which is much thinner than in pre-
vious systems. It is therefore unlikely that convection �in-

cluding electroconvection� may play any role in initiating the
spatiotemporal oscillation.

To find out the microstructure and hence possible forma-
tion mechanism of the peculiar electrodeposits shown in Fig.
1, transmission electron microscopy is used to identify the
structure of the deposits. Figure 3�a� illustrates the diffrac-
tion contrast micrograph of the electrodeposits and Fig. 3�b�
illustrates the electron diffraction pattern. Our analysis shows
that two sets of diffraction spots can be identified. The dif-
fraction spots marked by g1 correspond to zinc, whereas the
spots indicated by g2 correspond to zinc oxide. The zone

axes of these two sets of diffraction spots are both �2̄113�,
suggesting that zinc and zinc oxide take the same crystallo-
graphic orientation. Considering the fact that the size of the
field diaphragm in electron microscopy is quite large, so a lot
of crystallites are involved in the electron diffraction. There-
fore, it is unexpected that the random-looking aggregates
have such a well-defined single-crystal-like diffraction pat-
tern. By very careful inspection of Fig. 3�b� one may also
find that in addition to the two sets of distinct diffraction
spots, there exists a very faint, diffused ring in between g1
and g2. Together with SEM micrographs and the diffraction

FIG. 1. �a� Scanning electron micrograph of the electrodeposit
branches. The angle between the sidebranch and the main trunk is
almost identical. The inset shows the statistics of the angle. A dis-
tinct peak appears at 60°. �b� The electrodeposit branch observed
with higher magnification. The deposit branches are covered with
random-looking crystalline platelets. Very often the platelets are
clustered, forming a periodic structure along the electrodeposit
branch.
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contrast micrographs of the deposit, we expect that this faint
ring may be contributed by some misoriented platelets of
ZnO.

We need to point out that the amplitude of voltage oscil-
lation shown in Fig. 2�a� is not large, yet the periodic struc-
tures on the deposit branches can be easily identified. A pos-
sible explanation is that the measured signal is contributed
by all the deposit branches in the deposition cell. Once the
separation of two growing tips is much larger than the thick-
ness of the concentration boundary layer, then the local os-
cillation contributed by each deposit tip may not be exactly
coherent. This may lead to the smaller oscillating amplitude
in Fig. 2�a�, despite the fact that the spatial periodicity on
each electrodeposit branch is evident.

To identify the distribution of crystallites of zinc and zinc
oxide in electrodeposits, we carry out energy-dispersive
spectroscopy �EDS� experiment. In order to avoid the distur-
bance of chemical components in the glass substrate in EDS
analysis, a freshly cleaned silicon wafer is used to replace the
previous lower glass plate in the electrodeposition cell as the
substrate �the transparent top glass plate is kept in order to
monitor the nucleation process of ice�. The silicon wafer
with zinc electrodeposits was carefully washed with deioned
water, dried in a nitrogen environment, and then mounted on
a tiltable sample stage of the FESEM for measurements. Fig-
ure 4�a� shows the FESEM micrograph of the cross section
of a deposit filament. It is clear that the filament consists of a
compact kernel bounded with random-looking platelets. EDS
analysis is carried out at sites a, b, and c in Fig. 4�a�, respec-

tively, and the results are shown in Figs. 4�b�–4�d�. In the
kernel part the oxygen signal is very weak compared to that
of zinc. On the part of platelets, however, the ratio of oxygen
and zinc becomes much higher, as shown in Fig. 4�d�. There-
fore, it is quite possible that the scalelike platelets are ZnO.
To verify this result, transmission electron microscopy is
used to determine the structure and the orientation of the
platelets. Figures 5�a� and 5�b� illustrate the TEM micro-
graphs of an electrodeposit filament covered with platelets
and the electron diffraction pattern of a platelet only. Figure
5�b� indicates that the scalelike platelet is ZnO with orienta-

tion �2̄110�. We therefore conclude that the regularly angled

FIG. 2. �a� Alternating electric voltage recorded during the elec-
trodeposition when a constant current is applied across the elec-
trodes. Spontaneous, regular oscillation has been observed. The
stable component in the voltage signal has been filtered in the mea-
surement since we are more interested in the alternating component.
�b� The Fourier transform of the alternating electric voltage signal,
where distinct peaks can be identified.

FIG. 3. �a� Diffraction contrast micrograph of the electrodeposit
branch with a TEM. �b� The electron diffraction pattern obtained in
the circle indicated in �a�. Two sets of diffraction spots can be
identified. The brighter diffraction spots indicated by g1 correspond
to zinc, whereas the spots indicated by g2 correspond to zinc oxide.

The incidence of the electron beam is from �2̄113�.
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branches are single-crystalline zinc, covered with epitaxially
grown platelets of ZnO.

III. DISCUSSIONS

To understand how the unique structure presented above
is generated, we first need to resolve why the single-
crystalline zinc trunks are bounded with ZnO platelets.

Electrocrystallization of zinc can be generally understood
as follows. Zn2+ ions are driven to the cathode by the electric
field; they are then reduced and diffuse on the deposit sur-
face. Nucleation of the adsorbed atoms, followed by limited
growth, gives rise to a crystallite agglomerate. According to
the Nernst equation, the equilibrium electrode potential of
Zn �Zn2+ increases when the concentration of Zn2+ ��Zn2+��
builds up. The electrodeposition of zinc takes place only
when the potential of the cathode is lower than this equilib-
rium value. The equilibrium electrode potential for ZnO,
however, is higher than that for Zn �35�. So, for a wide range
of electrolyte concentrations, ZnO deposits with priority.
Suppose �Zn2+� is initially high at the growing interface, and
the equilibrium potential for zinc deposition is also high. By
applying a sufficiently low electrode potential, both Zn and
ZnO are deposited on the cathode, following the routes

Zn2+ + 2e− → Zn,

Zn2+ + 1
2O2 + 2e− → ZnO.

On the other hand, it should be noted that the deposition rate
of ZnO is proportional to the product of both �Zn2+� and the
concentration of dissolved oxygen in the electrolyte, whereas
the oxygen concentration in the electrolyte solution is gener-
ally much lower than �Zn2+�. Therefore, the mass deposition
rate of ZnO is low compared to that of zinc. So in elec-
trodeposition a zinc trunk with little ZnO is formed first. As
the tips of the deposit filaments grow forward, �Zn2+� adja-
cent to the rear part of the filaments becomes lower. Once the
concentration of Zn2+ becomes sufficiently low in the rear
part of the filament, deposition of zinc is stopped, whereas
the deposition of ZnO remains. In this way, ZnO platelets
cover the zinc trunks.

There may exist a parallel mechanism for the generation
of ZnO and launching oscillatory growth during the zinc
electrodeposition. As electrodeposition of zinc continues,
concentration of Zn2+ is gradually depleted in front of the
growing interface, which slows down the zinc deposition,
and possibly consumes H+ in the solution �it has indeed been
reported that hydrogen exists in electrodeposits of zinc �36��.
For this reason, the pH around the electrodeposits is locally
shifted to a higher value, which leads to the formation of
ZnO. When this happens, the potential at the cathode/
solution interface locally shifts to a more positive value,
mainly due to the increased resistance of semiconducting
ZnO over Zn �the depletion of Zn2+ concentration also con-
tributes to this effect�. The deposition of zinc oxide proceeds
until the pH around the deposit tips returns to the nearby
bulk value �a diffusion-driven process�. Once the pH and
concentration of Zn2+ in front of the electrodeposits resume
previous values, ZnO growth stops, and Zn deposition re-
starts.

To check our explanations, we prepared ZnSO4 aqueous
solution and bubbled it with nitrogen gas for 24 h, with the
aim of removing oxygen dissolved in the solution as much as
possible. The electrodeposits generated in this specially
treated solution are shown in Fig. 6. It can be seen that the
randomly orientated platelets disappear, and layer-grown

FIG. 4. �a� Scanning electron micrograph of the cross section of
an electrodeposit branch grown on silicon wafer. It is clear that the
electrodeposit branch has a compact kernel, which is covered with
randomly oriented platelets. �b� EDS analysis made on the kernel
part of the branch, site a, as indicated in �a�. The signal of oxygen
is very weak. �c� EDS analysis made on site b, as indicated in �a�.
�d� EDS analysis made on site c, in the region with random plate-
lets, as indicated in �a�. The strength of the signals of oxygen and
zinc becomes comparable.

LIU et al. PHYSICAL REVIEW E 75, 051606 �2007�

051606-4



zinc branches are generated. The periodic structure on the
zinc branch �periodic clustering of ZnO platelets� probably
results from the oscillation of the concentration field of
�Zn2+� in the ultrathin aqueous solution film, similar to what
happened in copper electrodeposition, as we reported before
�25,26�.

It is a challenge to understand the relation of the crystal-
lographic orientation of the zinc trunk and the random-
looking zinc oxide platelets. It is known that zinc has a hex-
agonal close-packed structure, with a=b=2.66 Å, c
=4.94 Å. Zinc oxide also forms in a hexagonal closed-
packed structure, with a=b=3.249 Å, c=5.205 Å. When we
examine the surface morphology of the electrodeposits, we
find that the angle between the neighboring platelets is

roughly 60° �120°�, as shown in Fig. 7�a�. Bearing in mind
that the ZnO platelets and the zinc trunk have single-
crystalline electron diffraction patterns and take the same
crystallographic orientation �see Fig. 3�b��, we suggest that

FIG. 5. �a� Diffraction contrast micrograph of the electrodeposit
branch observed with TEM. The solid kernel is bounded with scale-
like platelets. �b� The electron diffraction pattern obtained in the
circled region, suggesting that the platelet is indeed ZnO.

FIG. 7. �a� SEM micrograph of the electrodeposit branches cov-
ered with scalelike platelets. The insert illustrates the statistics of
the angle between the platelets. Distinct peaks appear at 0°, 60°,
and 120°. �b� The schematic diagram to illustrate “randomly” ori-
entated ZnO platelets. These random-looking platelets essentially
bear the identical crystallographic orientation.

FIG. 6. SEM micrograph of the electrodeposit branch when the
electrolyte solution is nitrogen bubbled for a long time. No scalelike
platelets are observed on the deposit branch.
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the ZnO platelets are epitaxially grown on the single-
crystalline zinc trunk. According to the structural parameters
and the symmetry of ZnO, we suggest that the platelet of
ZnO is constructed by �0001�, �101̄1�, �101̄ 1̄�, �12̄10�, with

�12̄10� being the top and ‘bottom’ faces, and �0001�, �101̄1�,
and �101̄ 1̄� being the side faces. Suppose the zinc trunk of

the electrodeposits is bounded by �101̄1� and �0001� faces, as
suggested in Fig. 7�b�. It follows that the ZnO crystallites
may epitaxially nucleate on zinc with some degree of mis-
match. Once this process occurs, the total free energy of the
system stays low, and a cluster similar to that shown in Fig.
7�b� appears, which is similar to the experimental observa-
tion. In this way, the crystallographic orientation of the crys-
tallites is identical �Fig. 3�b��, even though the platelets ap-
pear to be randomly orientated.

To summarize, we report here a long-range ordering effect
in electro-crystallization of Zn and ZnO from an ultrathin
aqueous electrolyte layer of ZnSO4. The deposit branches are
regularly angled, covered with random-looking, scalelike

platelets of ZnO. Our experiments show that ZnO platelets
are epitaxially grown on the zinc trunk and possess the same
crystallographic orientation. To epitaxially nucleate on the
zinc trunk, ZnO crystallites selectively contact the

�2̄113�-orientated zinc substrate with �0001�, �101̄1�, and

�101̄ 1̄� faces. In this way, the crystalline platelets possess the
same crystallographic orientation as the zinc trunk. We sug-
gest that such a crystallization behavior should be enlighten-
ing in understanding the formation process of many patterns
in interfacial growth.
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