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a  b  s  t  r  a  c  t

A  versatile  cobalt  micro/nanostructure  preparation  method  via  a facile  electrochemical  growth  approach
is reported  in  this  study.  Based  on the  existing  theoretical  analysis,  the  various  crystal  growth  parameters,
including  the  potential,  concentration  and  temperature,  act  as  parameters  to  impact  the  metallic  crystal
growth  rate  and  the  resultant  morphology.  These  parameters  were  varied  to  elucidate  the  growth  rate
and  morphology  changes.  Electron  microscopy  technique  was  applied  to reveal  the  corresponding  crystal
morphology,  which  demonstrates  that the  potential  can  consequently  impact  the  crystal  shapes  formed,
from  bump  to flower  and  dendrite  shapes.  However,  in the  current  experiments,  the  morphology  achieved
by changing  the  concentration  and temperature  was  a dendritic  structure,  which  suggests  that  the growth
ritical overpotential
uperhydrophobicity
uperhydrophilicity

conditions  promoted  a  dendritic  structure  formation  regime.  Based  on the  structures  grown  at  various
potentials,  without  further  surface  modifications,  a morphology-dependent  wettability  trend  exhibited
from  the superhydrophobic  to superhydrophilic  structures.  The  superhydrophobicity  stems  from  the
small  contact  areas  of  the tips  of the  flower-like  structure.  Meanwhile,  the  superhydrophilicity  is  due  to
the nanometer-scale  channels  existing  in the  hierarchical  structures  of  the  dendritic  crystals,  in which
the  capillary  effect  draws  water  droplets  to spread  on  the  surface  rapidly.
. Introduction

In the fields related to micro/nano-structured material, there is
till widespread interest in developing solid substances with differ-
nt external morphologies because the properties of the materials
re critically determined by their external shapes [1].  Currently,
ttempts to prepare crystals with versatile morphologies continues
t an intensified pace. Among the various shapes formed, fractal
tructures exhibiting aesthetic external shapes, such as flowers
nd dendrites, have attracted much attention due to their the-
retical significance and potential applications [2a]. Particularly,
he dendritic structures [2b], which are characterized as hierar-
hical configurations containing different ordered units, such as
econdary, tertiary and even quaternary branches, have been con-
tructed from a number of materials, including metal elements
3–8], alloys [9,10] and inorganic compounds [11–15].  Cobalt metal,

hich is one of the most important ferromagnetic materials, has

een fabricated into numerous micro/nanometer scale materials
ith diverse morphologies via different approaches. Among them,

∗ Corresponding author. Tel.: +86 532 82898960; fax: +86 532 82898960.
E-mail address: zhangdun@qdio.ac.cn (D. Zhang).

013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.10.028
© 2011 Elsevier Ltd. All rights reserved.

hierarchical structures have been prepared previously by sev-
eral groups [16–19],  and their typical preparations have relied on
hydrothermal/solvothermal methods, which require high temper-
atures and pressures during the preparation process. However, the
preparation of cobalt materials using an electrochemical method,
which is a standard approach to metallic material formation, has
also been used in previous studies. For example, due to their under-
lying interest in fractal theory, Imre and his coworker applied an
electrochemical technique to yield centimeter-scale cobalt den-
drites [20,21]. Bodea et al. used electron microscopy to follow cobalt
material growth under the influence of a magnetic field [22]. Based
on these findings, a systematical electrochemical method study of
different parameters that affect the growth of versatile metallic
cobalt materials is worth being researched.

On the other hand, the extreme wettability phenomena, i.e.,
superhydrophobicity and superhydrophilicity, have drawn great
attention in the material science and technology fields [23,24].
To date, various materials, such as metal oxide, silicon, carbon
and metals, have been proven to illustrate the superhydrophobic-

ity, superhydrophilicity, or dual function mutations with external
impulsions. In 1944, Cassie and Baxter [25] demonstrated the
well-known equation cos �c =  ̊ (cos �Y + 1) − 1 to describe the wet-
tability property of a rough surface. In this equation, �c is the

dx.doi.org/10.1016/j.electacta.2011.10.028
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:zhangdun@qdio.ac.cn
dx.doi.org/10.1016/j.electacta.2011.10.028
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easured contact angle, �Y is the intrinsic contact angle to the
ater (known as the Young contact angle), and  ̊ is the surface

raction in contact with the liquid. This equation illustrates that
he surface topology, composed of the micro/nanostructures of var-
ous shapes, makes critical contributions to its wettability. As �Y is

 constant for the material utilized to modify the surface property,
he relationship between cos �c and  ̊ is linear. When  ̊ adopts
n extremely small value, �c will be large, and superhydrophobic-
ty (�c > 150◦) will occur, regardless of the intrinsic properties of
he material [26]. Meanwhile, when  ̊ adopts a large value, a small
c will result, and the superhydrophilic (�c < 5◦) phenomenon will
ppear. To the best of our knowledge, micro/nanostructure metallic
obalt structures exhibiting both superhydrophobicity and super-
ydrophilicity only originating from the morphology variations of
he flower and dendrite-like shapes, has not been presented in
revious study.

In this study, we present a metallic cobalt micro/nanostructure
reparation via a simple electrochemical crystal growth route.
ifferent parameters, including potential, concentration and tem-
erature, were analyzed for their impacts on the crystal growth
ate and the resultant morphology. Moreover, the as-prepared
aterials were found to show a range of wettabilities due

o surface morphology differences. The flower-like structure
xhibited superhydrophobicity without any modification of the
ydrophobic organic molecules; in addition, the dendritic structure
emonstrated intrinsic superhydrophilicity due to the capillary
ffect.

. Experimental

.1. Preparation and characterization of metallic cobalt structures

A typical electrolysis process for cobalt crystal growth was con-
ucted as follows. All electrochemical experiments were performed
n a CHI 760 electrochemical workstation. A simple three-electrode
ell was used as the electrochemical reactor. The Cu foil (99.98%
urity), which was scratched by abrasive paper and cleaned with
eionized water (Millipore Filtration System), was used as the
orking electrode for cobalt crystal growth. The apparent surface

rea of the working electrode was ca. 2 × 0.4 cm2. A coiled Pt wire
lectrode acted as the counter electrode and a saturated calomel
lectrode (SCE) as the reference electrode. If there is no special
ndication, all potentials in this report are quoted with SCE. The dis-
ance between the working and counter electrodes was  ca. 1.5 cm,
nd the tip of the reference electrode was placed near the edge
f the working electrode. A 10 ml  mixed solution containing CoCl2
Aldrich) and 0.1 M Na2SO4 (Shinyo Pure Chemicals, G.R. reagent)
as for the electrolysis.

Different potentials (i.e., −0.8, −1.0 and −1.2 V) were applied
or metallic cobalt crystal growth from the aforementioned mixed
olution. The temperature was maintained in a water bath accord-
ng to the experimental requirements. When the electrolysis
rocess was completed, the electrode was brought from the aque-
us solution and rinsed with Millipore water several times to
emove impurities.

The external morphology of the as-grown material was  revealed
y different sophisticated techniques, including field-emission
canning electron microscopy (FE-SEM, JEOL, JSM-6700F) and
igh-resolution transmission electron microscope (HRTEM, JEOL.

EM-2010). Selected area electron diffraction (SAED, JEOL. JEM-

010, 200.0 KV) was adopted to reveal the fringe crystal structure
f the as-obtained material. X-ray powder diffraction (XRD,
HILIPS, X’Pert-MPD System; X-ray was Cu K� radiation with

 = 0.154056 nm)  was utilized to verify the material crystal phase
f the deposit scratched off from the copper substrate.
cta 58 (2011) 699– 706

2.2. Wettability measurement

The wettability properties of the as-prepared material were
measured with a contact angle meter (JC2000C1, Shanghai
Zhongchen Digital Technique Apparatus Co., Ltd.) at ambient
temperature. The water droplet used for the contact angle mea-
surement was  ca. 2 �L.

3. Results and discussion

3.1. Theoretical background of electrochemical crystal growth

Metal crystal growth driven by electrochemical motivation in a
solution containing corresponding metal ions occurs according to
the following equation

Mn+(aq) + ne− = M(s) (1)

During the electrolysis process, when the exerted potential is
more negative than that of the equilibrium state between the ion
and the metal, a net ion reduction reaction will occur on the elec-
trode surface, and the ordered accumulation of metallic atoms will
generate crystals. During the metal electrocrystallization process,
the various external crystal morphologies, such as film, powder
or fractal/dendrite shapes, will be produced, depending on the
thermodynamics and kinetics conditions. The process of form-
ing fractals or dendrites is more complex than the process that
occurs when forming flat films on a substrate. The fractals and
dendrites are formed as a result of the microscopically unsmooth
surface and unstable hydrodynamics. The theoretical interpreta-
tion of these phenomena extends back to research performed in the
1960s [27]. Several theories, such as diffusion-limited aggregation
[28], migration-limited mass-transfer [29] and the fractal propaga-
tion model [30], primarily describe the occurrence, propagation and
resultant morphology of the complicated two-dimensional den-
dritic structure [31].

In this report, electrocrystallization was  conducted in a three-
dimensional geometry cell, and a supporting electrolyte was used
for neglecting the electrical migration. Crystal growth on the elec-
trode surface is considered to be controlled only by electrochemical
activation and diffusion mass transfer. Barton and Bockris made a
groundbreaking contribution to model this system, in which the
fractal/dendritic structure can be formed only when the applied
potential surpasses a critical value [27]. Following the pioneer-
ing work of Barton and Bockris, Popov et al. extended this model
to the electrocrystallization of metal dendritic structures, such as
Zn and Cu, based on theoretical and experimental results. It has
been proposed that the process of fractal formation, and the for-
mation of dendritic structures in particular, occurs in two steps:
the initial state and the propagation process. In the initial state, an
irregularity is formed on the electrode because of the unevenness
of the substrate. Although the substrate appears to be smooth to
the naked eye, microscopic protrusions inevitably exist. During the
initial stage, the current density iL normal to the surface plane is
expressed according to the following equation:

iL = nFDC0

ı
(2)

where D, C0 and ı represent the diffusion coefficient, the bulk con-
centration of the ion and the diffusion layer thickness, respectively
[27c]. Because these protrusions have a shorter distance (smaller ı)
to the diffusion layer compared with the neighboring flat zones, a
higher current density develops, and the protrusion will grow more

rapidly than at the flat zone according to the following equation:

Hi,t = Hi,0 exp
(

t

�

)
� = ı2�

MC0D
(3)
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ig. 1. I–t curves of different electrolysis conditions to electrochemically grow coba
ut  different CoCl2 solutions; (c) 0.1 M CoCl2 and −1.2 V but different temperatures

In Eq. (3),  M and � represent the molecular weight and den-
ity of the metal, respectively, and other parameters have their
ommon connotations [32a]. Because of this non-homogeneous
rowth, the surface irregularity is amplified after the initial stage.
he propagation process will form a dendritic structure only when
he exerted overpotential exceeds a critical value. In this process,
he irregularity developed in the initial stage will propagate into a
ree-like appearance by which the “dendrite” is nominated. It has
een shown in a previous report that dendrites can grow according
o the following equation:

p = Hp,0 exp(k�2t) (4)

n which Hp,0 is the as-grown height of the surface irregularity in
he initial stage, and k is a constant [32b]. Based on Eq. (4),  after
he initial dendrite formation step, the as-grown length is expo-
entially related to the quadratic overpotential [32]. It is clear that
hen a larger overpotential is applied, the dendrites will have a

aster growth rate.
The relationship between the bulk solution concentration C0 and

he reaction temperature T with dendrite growth was  also studied
y Popov and his colleagues [33,34]. They indicated that the min-

mum overpotential required for the initiation of dendrite growth
epends on the precursor concentration according to the following
quation:

 ≈ const. + 60 log C0 (5)

hich means that a higher C0 value requires a more negative
otential to stimulate dendrite formation. However, during metal
lectrocrystallization under natural convection, iL varies with the
oncentration as iL ≈ kC0

1.25. At higher concentrations, the growth

ill be enhanced with a larger iL, even when the overpotential for

he initiation of dendrite growth acquires a larger value [33]. For
he temperature to influence the dendrite formation and propa-
ation, a previous study showed that an increase in temperature
tals. (a) 25 ◦C and 0.1 M CoCl2 solution but different potentials; (b) 25 ◦C and −1.2 V
he electron charge during the various electrochemical crystal growth processes.

leads to the enhancement of the limiting diffusion current density,
which produces additional feedstock for metal growth. Moreover,
with increasing temperature, the overpotential required to initi-
ate the dendrite growth decreases. Based on these two trends, high
temperature favors the initiation and propagation of dendrites [34].
In this study, we  will use the theoretical interpretation mentioned
above to guide our practical experiments and to verify the impacts
of various parameters (�, C and T) on the crystal growth rate and
the final external morphology.

3.2. The characterization of cobalt crystal growth based on the
electrochemical method

Based on the chronoamperometry technique, the relationship
between the consumed electron rate I and the crystal growth time
t can be measured in situ as the I–t curve during the electrochem-
ical crystal growth process. In addition, the crystal growth rate is
defined as v = dL/dt,  in which L represents the propagation length,
and t is the crystal growth time. Using the reaction described in
Eq. (1) as an example, the grown crystal mass is expressed as
m = MQ/nF,  in which M is the atomic weight of the deposited metal,
Q is the electron charge for crystal growth and F is the Faraday
constant, and m = �LS, in which � and S are the metal density
and as-grown dendrite area, respectively. Based on the equation
MQ/nF = �LS, L = MQ/�SnF. When dendrite propagation occurs on
the electrode, it is deduced that v = dL/dt = d(MQ/�SnF)/dt = iV/nF,
in which i and V represent the current density and molar volume
of the metal [27a], respectively. Because V, n and F are constants
during the electrocrystallization process, if the deposited atoms
do not migrate a significant distance away from the site where

they are discharged, the crystal growth rate is proportional to the
transient current density, which is determined using the I–t curve.
Therefore, without considering the unit difference, the I–t curves
shown in Fig. 1 represent the growth rate versus growth time when
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ig. 2. FE-SEM images of Co material obtained at the same temperature (25 ◦C) and 

ll  of the materials were obtained with an electrolysis time of 600 s. The temperatu

he side reactions are negligible (During our experiments, H2 bub-
ling was not observed, which implies that the side reactions are
egligible). As shown in Fig. 1(a–c), at the primary stage of crys-
al growth, incremental changes in the potential, temperature and
oncentration steadily enhanced the growth rate. A more nega-
ive potential, higher temperature and higher concentration can
roduce a stronger driving force during crystal growth. When the
lectrolysis time was greater than ca. 100 s, the current tended to
ncrease during the crystal growth process, which is caused by the
nlargement of the actual electrode surface, as demonstrated in
revious investigations [8,9]. In the three-dimensional system of
oordinates shown in Fig. 1(d), the colored points represent the
lectron charge consumed during the crystal growth process with
hree different parameters. The changing colors indicate that a
arger driving force will result in a larger amount of metallic cobalt

ithin the same time of crystal growth
Figs. 2–4 show the as-grown crystal morphology, depending on

he different conditions. As shown in Fig. 2, the cobalt can exhibit

 series of morphologies (i.e., bumps, flowers and dendrites) when
ubjected to variations in the applied crystal growth potential at
he same precursor concentration and temperature. Fig. 2(a) and
b) shows that the crystals appear to be bump shaped when the
ntration (0.1 M CoCl2) but different potentials of (a, b) – 0.8, (c, d) −1.0, (e, f) −1.2 V.
s maintained at 25 ◦C. All the bars in the figure represent 10 �m.

potential is −0.8 V. The bumps are widely distributed on the sur-
face of the electrode with a scale of approximately 1 �m.  Clusters
formed as an aggregation of bumps, which can be clearly iden-
tified in Fig. 2(a) and (b). Fig. 2(b) shows that the as-obtained
bumps are homogeneous in large areas, with scales ranging from
1 �m to approximately 2 �m.  Moreover, it can be observed that the
bumps are interconnected. Compact films can readily form during
the electrocrystallization process because cobalt metal is consid-
ered to have a small exchange current density [35,36]. Because
no dendrites were formed on the substrate, it can be concluded
that the applied potential of −0.8 V is more positive than the crit-
ical value for dendritic structure formation. When the electrolysis
potential shifts slightly to reach −1.0 V, as shown in Fig. 2(c) and (d),
a flower-like fractal structure distributed on the electrode surface
is observed. As shown in Fig. 2(d), regardless of whether a single-
flower or double-flower body was  formed, the structure exhibited
a six-petal shape, which is attributable to the inherent properties
of cobalt metal. A more negative potential (i.e., −1.2 V) resulted in

the formation of dendrites instead of bumps and flowers, which
is illustrated in Fig. 2(e) and (f). As shown in Fig. 2(e), the entire
length of a dendrite can reach several tens of microns, and the side
branches can continue to grow as next-generation dendrites. In
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Fig. 3. Cobalt material morphology obtained at the same potential (−1.2 V) and

eneral, it is concluded that under the same solution concentra-
ion and electrolysis time, more negative potentials (i.e., a larger
verpotential) will generate more complicated structures, such as
ower- and dendrite-like fractal configurations. In the solution sys-

em containing 0.1 M CoCl2 and 0.1 M Na2SO4 as the electrolytes,
he critical potential for the fractal/dendritic initiation and propa-
ation was found to be more negative than −0.8 V but more positive
han −1.0 V.

Fig. 4. Cobalt material morphology obtained at the same potential (−1.2 V) and CoCl2
erature (25 ◦C) but different CoCl2 concentration. (a, b) 0.02 M and (c, d) 0.06 M.

Fig. 3 illustrates the concentration effect on the as-obtained
material morphology. The figure shows that a low concentration
but very negative potential of −1.2 V can also result in den-
dritic structures, although the scale will be smaller (ca. several

microns) than for the more concentrated solution (ca. several tens
of microns). This similarity in shape occurs because the applied
potential plays a crucial role in the generation of dendritic struc-
tures, and the potential of −1.2 V exceeds the critical value. When

concentration (0.1 M)  but different temperatures of (a, b) 5 ◦C and (c, d) 15 ◦C.
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The tips are less thick than the stems, so that the electron beams
can penetrate the tips and obtain an electron diffraction pattern. As
shown in the inset in Fig. 5(a), the SAED pattern of an as-obtained
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Fig. 5. HRTEM and SAED pattern of th

omparing the I–t curve for −0.8 V in Fig. 1(a) and the 0.02 M curve
n Fig. 1(b), it is found that after 25 s, the growth rate for −0.8 V
s faster than with 0.02 M.  However, crystal growth at −0.8 V only
esulted in bumps, whereas growth at 0.02 M resulted in dendrites.
ccording to the theory stated above, because the potential of
0.8 V is more positive than the critical potential, the irregular-

ty in the substrate cannot complete the two stages to produce a
ractal/dendritic morphology. As shown in Fig. 1(a), crystal growth
nder the potential of −0.8 V affords a slow growth rate during the

nitial 25 s, and the current is less than 4 mA.  For crystal growth
ith a potential of −1.2 V and a concentration of 0.02 M,  the rate

s higher because of the strong current. This initial stage is crit-
cal for the subsequent electrocrystallization. During the initial
tage, the protrusions on the surface are elongated, and these elon-
ated protrusions form the basis for dendritic structure formation.
lthough the following current is lower than that of the system
ith a potential of −0.8 V, the primary step has already determined

he impending dendritic characteristics. However, even though the
rowth rate is faster for a system with a potential of −0.8 V, the
ccumulated metal atoms thicken the bump film, and a dendritic
tructure will not be formed.

Fig. 4 illustrates the cobalt material morphology obtained at the
ame potential (−1.2 V) and CoCl2 concentration (0.1 M) but at dif-
erent temperatures. Because −1.2 V surpasses the critical potential
or dendritic structure formation, there is no distinct difference
n the external morphology shown with the two conditions, and
he morphologies both exhibit hierarchical structure. However, the
cale of the dendrites is different; the lower temperature led to the
ormation of shorter dendrites than with the higher temperature,
hich is attributable to the growth rate as discussed above. Based

n Fig. 1(c), it is assumed that a higher temperature will increase
he mass transfer rate during the crystal growth process such that
he enhanced growth rate and a larger-scale crystal will eventually
e realized during the same growth time.

Based on these theoretical and experimental results, it is con-
luded that the exerted potential plays a key role in determining
he external morphology during the metal electrocrystallization
rocess. Although the precursor concentration or reaction tem-
erature may  be decreased, if the applied potential exceeds the

ritical value, the dendritic structure can nevertheless be realized.
he concentration and temperature can exert a force for driving
he growth rate, which can change the scale of the achieved struc-
ure.
osit obtained at the potential −1.2 V.

To further investigate dendrite formation, the HRTEM technique
is used to reveal its precise structure. The images shown in Fig. 5
present two  morphologies of the as-prepared cobalt dendrites. In
Fig. 5(a), the hierarchical characteristics of the dendrite are clearly
demonstrated. An individual cobalt dendrite structure is composed
of a long central stem and secondary, tertiary, and even quater-
nary branches. The stem and all of the branches of different orders
form the hierarchical structure. The different-ordered structures
are similar, although the scale is dramatically dissimilar. From the
main stem to the quaternary branches, the scale ranges from ca.
50 nm to several microns. Fig. 5(b) shows the flake-like form, in
which the hexagonal crystal shape can be observed at the tips of
the dendrite. Although there is a morphological difference between
the two  types of dendrites, the intrinsic features are the same. It is
clear that the angles between the stems and branches are ca. 60◦.
8070605040302010
2θ (deg.)

Fig. 6. XRD pattern of the deposit obtained at the potential −1.2 V and electrolysis
time 1200 s from 0.1 M CoCl2 at room temperature.
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ig. 7. Shape-dependent wettability property of metallic cobalt achieved with the s
ifferent imposed potentials of (a) −0.8 V, (b) −1.0 V and (c) −1.2 V.

endrite indicates that the edge of the dendrite belongs to a sin-
le crystalline structure, and the as-achieved cobalt material is of a
exagonal phase.

The XRD pattern of the as-deposited dendrites is shown in Fig. 6.
he three main diffraction peaks are indexed as the (1 0 0), (0 0 2)
nd (1 0 1) planes of the hexagonal cobalt crystal structure, which
s recorded as JCPDS No. 89-7373.

.3. Wettability of the surface modified by different cobalt
orphologies

The contact angle test was used to evaluate the wettability
roperties of the materials prepared under various potentials. The
ettability demonstrated a dramatic variation from hydrophilic,

uperhydrophobic to superhydrophilic behaviors that depend on
he external morphology and coverage. As shown in Fig. 7(a) and
b), the contact angles are 102 ± 2◦ and 161 ± 2◦; however, the
ontact angle in (c) is less than 5◦, which is characteristic of super-
ydrophilicity. The morphology plays a critical role in determining
he surface wettability. For the bump-like structure, which shows
ydrophilic wettability, the surface is relatively flat and smooth,
nd little air remained under the water droplets. This wettability
roperty of the bump-like structure was similar to that of the bulk
obalt metal. However, the discrete flower-like structure grown
n the substrate formed an upright matrix, which allows only the
ower tips to contact the water droplet, with air remaining in
he spaces. The contact area is relatively small so that a superhy-
rophobic behavior was exhibited [37]. In contrast, the dendritic
tructure showed the other extreme of wettability. As illustrated
n Fig. 2(e) and (f), the dendrites were randomly distributed on
he substrate, unlike the discrete flower structures standing on the
ubstrate. Moreover, the vein structure of the dendrites plays a sig-
ificant role in the observed superhydrophilicity. As indicated in
ig. 5(a), a vein structure can form channels among the neighbor-
ng branches in this hierarchical structure. A neighboring channel

ith a diameter of ca. 100 nm is highlighted. According to the
oung–Laplace equation, p = 2�/R, in which p is the additional pres-
ure, and � and R represent the water surface tension and radius
f curvature, respectively. The capillary force p is approximated
s p = 2 × 0.07214/(50 × 10−9) = 2.89 × 106 Pa. Under such a large
orce, the water droplet will spread rapidly along the dendrite veins,
hich leads to superhydrophilic wettability.

. Conclusions
Cobalt micro/nanostructures with different external morpholo-
ies were prepared by the electrochemical growth method. It was
emonstrated, based on both theoretical and practical perspectives,

[

oncentration (0.1 M CoCl2), temperature (25 ◦C) and crystal growth time (600 s) but

that various crystal growth parameters determine the metallic
crystal growth rate and resultant morphology. Based on the struc-
tures achieved at various potentials, wettability, which ranges from
superhydrophobic to superhydrophilic, depends on the morphol-
ogy.
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