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The four R-cobalt hydroxides (green or blue) with different intercalated anions were synthesized by a chemical
precipitation route in which polyethylene glycol was used as the structure-directing reagent for application in
the electrode materials of electrochemical capacitors. Every one among the four samples displays an interesting
and distinctive morphology although the synthesis conditions were the same except for the anions. The
intercalated anions have a critical effect on the basal plane spacing, morphologies, and capacitive properties
of the products. Structural and morphological characterizations were performed by using power X-ray diffraction
(XRD) and field emission scanning electron microscopy (FESEM). The component and thermal stability of
the sample were respectively measured by FT-IR and thermal analyses, including thermogravimetry (TG)
and differential thermogravimetry (DTG). The electrochemical behaviors were measured by cyclic voltam-
mogram and galvanostatic charge-discharge. The specific capacitance is up to 697 F g-1 at a charge-discharge
current density of 1 A g-1 for the sample with intercalated chlorine. But the sample with intercalated sulfate,
which has small crystalline size, more disordered structure, and almost perfect alveolate nanostructure with
a large surface area, exhibits relatively poor specific capacitance (420 F g-1). The exceptive phenomena
caused by intercalated anions were explained by hydrogen bonding and electrostatic forces. Moreover, the
relationships between the specific capacitance, basal plane spacing, as well as the content of the interlayer
water were discussed in detail for the four as-synthesized samples.

Introduction

Electrochemical capacitors have raised considerable attention
over the past decade because of their higher power density and
longer cycle life than secondary batteries and their higher energy
density compared to conventional electrical double-layer capaci-
tors. Therefore, they are expected to be an attractive replacement
for batteries in all-electric cars and plug-in hybrids, as they are
quick charging, exhibit temperature stability, and have safety
properties suitable to such applications.1-3 On the basis of their
charge-storage mechanisms, supercapacitors can be classified
into two types. One is the electric double-layer capacitor, and
the other is the redox capacitor. In the former, energy storage
arises mainly from the separation of electronic and ionic charges
at the interface between electrode materials with high specific
area (such as carbon) and the electrolyte solution. In the latter,
fast Faradaic reactions take place at the electrode materials at
characteristic potentials, as in batteries.4 Metallic oxides have
generally been adopted as electrode materials for pseudoca-
pacitors because of their large capacitance and fast redox
kinetics.5,6 Among the transition metal oxides, hydrous ruthe-
nium dioxide has been recognized as one of the most promising
candidates for electrode materials in electrochemical capacitors,
as it can store charges reversibly by redox reaction.7 However,
alternatives are being sought to reduce the cost factor and
enhance the performance.

Recently, Co(OH)2 materials have been attractive in view of
their layered structure with large interlayer spacing, their well-
defined electrochemical redox activity, and the possibility of

enhanced performance through different preparative methods.8-15

Hydroxides of cobalt are well-known to crystallize in two
polymorphs, R and �.16,17 The �-form is a stoichiometric phase
of the composition Co(OH)2 with brucite-like structure and
consists of a hexagonal packing of hydroxyl ions with Co(II)
occupying alternate rows of octahedral sites,18,19 while the
R-hydroxides are reported to be isostructural with hydrotalcite-
like compounds that consist of positively charged Co(OH)2-x

layers and charge balancing anions (e.g., NO3
-, CO3

2-, Cl-,
etc.) in the interlayer gallery.20-25 The R-cobalt hydroxide is
theoretically expected to exhibit superior electrochemical activity
as compared to its �-counterpart because of its poorly or
turbostratically crystallized structure. This actually triggered the
recent interest in the chemical or electrochemical synthesis and
the exact crystal analysis of R-cobalt hydroxide.26-30 On the
other hand, the R-hydroxide intercalated organic anions show
long-range magnetic ordering and are regarded as new candi-
dates for organic magnetic materials.31,32 At the same time, some
have reported on the synthesis of cobalt basic salts with different
forms.33,34

It has been identified that electrochemical behaviors of cobalt
hydroxide markedly depend on its grain size, morphology, and
crystal structure. So researchers pay great attention to the above
three aspects, especially morphology controlled by using various
strategies.35,36 However, other factors, for example, the actions
of the intercalated anion in cobalt hydroxide, seem to be ignored
generally or have been shown no concern yet. Actually, the
pseudocapacitance, which originates from the redox reaction
of the electroactive materials, is relative to proton transfer. The
intercalated anion will affect the transfer rate of proton through
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interaction between species, such as hydrogen bonding and
electrostatic forces. In the present work, the four R-cobalt
hydroxides with different intercalated anions were synthesized
by a chemical precipitation route in which polyethylene glycol
was used as the structure-directing reagent for application in
the electrode materials of electrochemical capacitors. We
systematically investigate the effect of the intercalated anion
on the basal plane spacing, morphology, content of interlayer
water, and capacitive property of the products. To our great
surprise, the sample with intercalated sulfate, which has a small
crystalline size, more disordered structure, and almost perfect
alveolate nanostructure with a large surface area, exhibits
relatively poor specific capacitance in comparison with the
others, in opposition to what is expected. This suggests quite
strongly that there is a scientific requirement to explore inherent
factors associated with it.

Experimental Section

Reagents were all of AR grade. Water used in the synthesis
and washing was deionized. The R-Co(OH)2 was prepared as
follows: the CoCl2 · 6H2O (0.01 mol), Co(NO3)2 · 6H2O (0.01
mol), CoSO4 ·7H2O (0.01 mol), and Co(CH3COO)2 ·4H2O (0.01
mol) were dissolved in 50 mL of distilled water, respectively,
and then 10 g of polyethylene glycol was added to the solution
under vigorous stirring, respectively. The aqueous solution of
NH3 ·H2O (25-28%) was dropwise added into the above
solution with continuous stirring until the pH of the solution
reached 9. After aging for 12 h, the resulting product was
separated by suction filtration and rinsed with distilled water
and ethanol several times, and then dried at 60 °C for 12 h
under vacuum. The four cobalt hydroxides with different
intercalated anions (Cl-, NO3

-, CH3COO-, and SO4
2-) were

finally obtained.
The morphology of products was observed by a FESEM

(JSM-6701F, Japan). The structure of the cobalt hydroxide was
examined by X-ray diffraction (XRD) (D/Max-2400) with Cu
KR radiation (λ ) 1.5418 Å) operating at 40 kV, 60 mA. The
components of materials were measured by a Nicolet Nexus
670 FT-IR instrument. Thermal analyses, including thermo-
gravimetry and differential thermal analysis, were carried out
with a Perkin-Elmer TG/DTA-6300 instrument in the temper-
ature range of 25-700 °C. A heating rate of 10 deg min-1 in
nitrogen with a flow rate of 20 mL min-1 was used.

The working electrodes were prepared by pressing mixtures
of the as-prepared samples, acetylene black, conducting graphite,
and polytetrafluoroethylene (PTFE) binder (weight ratio of 75:
10:10:5) onto a nickel foam current collector. A typical three-
electrode experimental cell equipped with a working electrode,
a platinum foil counter electrode, and a Hg/HgO reference
electrode was used for measuring the electrochemical properties
of the working electrode and its performance as a faradaic
supercapacitor. All electrochemical measurements were carried
out in 6 mol/L of aqueous KOH solution as electrolyte. Cyclic
voltammetry (CV) and galvanostatic charge-discharge were
carried out on a CHI660B electrochemical working station (CH
Instrument) and cyclic stability of the four electrodes was
evaluated with a LAND CT2001A multichannel galvanostat in
the potential range of 0 to 0.5 V (vs. Hg/HgO).

All solutions used in this work were prepared with double-
distilled water. All electrochemical experiments were carried
out at room temperature and the potentials were referenced to
Hg/HgO.

Results and Discussion

XRD Characterization. Among the as-synthesized products,
three samples containing intercalated anion Cl-, NO3

-, or
CH3COO- are green, while the sample containing intercalated
anion SO4

2- is blue. Figure 1 shows XRD patterns of four
samples. The third diffraction peak has the typical broad
“sawtooth” shape, with a sharp rise at the low-angle side and
pronounced asymmetry on the high-angle side, indicating that
layer stacking in the as-synthesized samples must be rather loose
and defective, leading to a turbostratic structure. It is identified
that the main difference between the R phase and the � phase
for Co(OH)2 resides in the stacking of the layers along the
C-axis. �-Co(OH)2 layers are perfectly stacked along the C-axis
with an interlamellar distance of 4.6 Å,37 without any interca-
lated species, but R-Co(OH)2 layers are randomly oriented and
separated by intercalated water molecules bonded to the
hydroxyl groups by hydrogen bonds. Therefore, four samples
show certain R phase characteristics. Nevertheless, there is a
slight different in intensity, position, and shape of diffraction
peaks and basal plane spacing. All the samples have large basal
plane spacing, but the values of the basal plane spacing depend
on the intercalated anion. In the order of intercalated anions
Cl-, NO3

-, CH3COO-, and SO4
2-, the corresponding spacing

is 7.797, 7.852, 7.902, and 8.155 Å, respectively, which is
consistent with the anionic radii. Except for the sample with
intercalated chlorine, the others represent a slight expansion in
interlayer spacing. In practice, the lattice parameter a corre-
sponds to the average cation-cation distance within a given
layer, while parameter c corresponds to several times the
thickness of an elemental “sandwich”. The first parameter
depends mostly on the ionic radii of the layer cations, while
the second one depends on the size of the intercalated anion
and on its orientation in the interlayer (in the case of nonspheri-
cal anions), as well as on the electrostatic interaction between
the interlayer species and the layers. Furthermore, the diffrac-
tograms clearly suggest that the compound containing interca-
lated anion Cl-, showing relatively sharp hkl reflection peaks,
has a higher crystalline nature than the other product giving an
XRD spectra signal/noise ratio relatively high. Among the four
samples, the compound containing intercalated anion SO4

2-

displays the lowest crystallinity and smallest crystallite sizes
revealed by a considerable broadening of the peaks in the
diffraction pattern due to some disorder of the layers oriented
along the c-axis leading to a small number of parallel planes
available for the diffraction.

FT-IR Measurement. The FT-IR spectra of the compounds
are shown in Figure 2. The infrared absorptions (curve e) of
�-Co(OH)2 without any additional intercalated anions was given
for comparison and discussion. These spectra exhibit broad and
intense bands centered around 3400 cm-1 corresponding to the
O-H stretching vibrations of the interlayer water molecules and

Figure 1. XRD patterns of R-cobalt hydroxide samples with interca-
lated chloride (a), nitrate (b), acetate (c), and sulfate (d) anions.
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hydrogen atoms bound to OH groups. But the sharp peak, as
shown by curve e in Figure 2, attributed to the O-H stretching
mode of the free Co-OH groups, disappears due to due to the
existence of hydrogen bonding between the hydrogen atoms and
the intercalated anions or water molecules within the layers.
The bands appearing around 1634 cm-1 correspond to the water
molecules deformation vibration. Peaks around 1466 cm-1 are
assigned to carbonate ions, and their existence could be due to
the dissolution of carbon dioxide molecules in water. The other
absorption band associated with carbonate ions was too weak
to be identifiable, implying a low content of carbonate ions. In
the low wavenumber region below 800 cm-1, the absorptions
are associated with Co-O stretching and Co-OH bending
vibrations.22 The band at about 663 cm-1 can be assigned to
the δ (Co-O-H). The absorption band at about 528 cm-1 can
be assigned to the V(Co-O) stretching vibrations. Curve a
suggests apparently that the predominant anionic species in the
interlayer of the R-Co(OH)2 sample is Cl- ions, which were
accommodated in the interlayer space together with water
molecules and CO3

2- ions. Besides, the characteristic absorption
peaks of the intercalated anion can be observed in the figure.
Curve b shows a sharp peak at 1380 cm-1 because of the
intercalated nitrate, and curve c shows two peaks due to the
carbonyl group symmetric and asymmetric stretching vibrations
at 1370 and 1490 cm-1, respectively. The single intense
absorption associated with sulfate appears at 1120 cm-1 with a
shoulder at 1045 cm-1 as shown by curve d. Furthermore, the
absorption peaks of the O-H stretching vibrations for five
samples (from curves a to e) appear respectively at 3414, 3419,
3431, 3440, and 3630 cm-1, which show a blue-shift. The O-H
stretch for �-Co(OH)2 was found at the highest frequency
indicative of very weak or absent true hydrogen bonding. In
comparison with �-Co(OH)2, the O-H stretching vibration
frequency of the four as-prepared samples is much lower,
implying the existence of hydrogen bonding. It could be
concluded that hydrogen bonding is stronger in the case of
intercalated anion Cl- but weaker in the case of intercalated
anion SO4

2-.
TG-DTG Analysis. The hydroxyl vacancies would then be

occupied by water molecules to yield slabs of composition
[Co(OH)2-x(H2O)x]x+. This so-called structural water would be
a fraction of the total water content, which includes the adsorbed
and intercalated water molecules as well.38 The dehydration is
expected to be a multistep process, with the adsorbed and
intercalated water loss occurring below the decomposition
temperature and the structural water loss taking place along with
the dehydroxylation-deanation of the hydroxide during the
decomposition step. In the case of the sample with intercalated
chlorine (see Figure 3a) reported here the adsorbed and
intercalated water species are lost in a single broad step in the
range 25-152 °C, while decomposition begins at 175 °C. Most

of the weight loss ends at 248 °C, but an extended flanking
loss is seen up to 306 °C. The weight loss (9.9%) between 50
and 152 °C is assigned to the evaporation of the intercalated
water molecules. The range from 152 to 306 °C is associated
with the loss of water produced by dehydroxylation of the
hydroxide layers combined with the partial loss of the anionic
species (CO3

2- and Cl-). In the case of the sample with
intercalated nitrate (Figure 3b) the weight loss (8.9%) between
50 and 151 °C is assigned to the evaporation of the intercalated
water molecules. The range from 151 to 278 °C is associated
with the loss of water produced by dehydroxylation of the
hydroxide layers combined with the partial loss of the anionic
species (CO3

2- and NO3
-). In the case of the sample with

intercalated acetate (Figure 3c) the weight loss (7.2%) between
50 and 160 °C is assigned to the evaporation of the intercalated
water molecules. The range from 160 to 350 °C is associated
with the loss of water produced by dehydroxylation of the
hydroxide layers combined with the loss of the anionic species
(CO3

2- and CH3COO-). Similarly, in the case of the sample
with intercalated sulfate (Figure 3d) the weight loss (6.4%)
between 50 and 153 °C is assigned to the evaporation of the
intercalated water molecules. The range from 153 to 347 °C is
associated with the loss of water produced by dehydroxylation
of the hydroxide layers combined with the loss of the anionic
species (CO3

2-). Finally, the ending at about 700 °C can be
attributed to the loss of the interlayer SO4

2- anion. We can
conclude from TG analysis that the content of the intercalated
water is relative to the interlayer spacing or the radii of the
intercalated anion. In brief, the content of structural water
decreases with the order of intercalated anion Cl-, NO3

-,
CH3COO-, and SO4

2-, which is consistent with the size of
anions. The larger size of the intercalated anion may occupy
the intercalated water vacancies. A similar feature observed in
the TG of R-cobalt hydroxide has been attributed to the loss of
structural water and anions from the micropores of the crumbling
sheets of the product of decomposition.39

FESEM Images. The surface morphologies of the as-
synthesized samples with intercalated anion chloride (photograph
a), nitrate (photograph b), acetate (photograph c), and sulfate
(photograph d) are imaged by FESEM, as shown in Figure 4.
It can be seen from Figure 4a that cobalt hydroxides, in the
case of intercalated anion Cl-, exhibit binary morphology that
are comprise of sheets and clusters assembled by solid rods The
sheets are about 30 nm in average thickness and more than 1
µm in average size, while the nanorods are about 30 nm in
diameter and 100-300 nm in length. The FESEM image of
the sample with intercalated nitrate is shown in Figure 4b. A
cluster with microstructure is observed clearly. We call it a thin-
walled cell configuration, in which small sheets, acting as a wall,
joined large sheets to form various cells. It is found from the
photograph that sheets are uniform in thickness with an average
value of ∼10 nm. Figure 4c shows a flowerlike architecture in
the case of interlayer acetate, which consists of nanostructured
curly lamina. The flowerlike architecture is 2-3 µm in diameter
and the curly lamina is about 10 nm in thickness. Figure 4d
displays porous nanostructures in the case of interlayer sulfate
(blue sample), which reveal an almost perfect alveolate nano-
cluster. The diameters of alveolate clusters are in the ranges of
200-300 nm. Furthermore, every alveolate cluster is comprised
of many microsheets with a thickness of 10 nm. This special
configuration could result from the self-assembly by driving of
panel Gibb’s energy. Among four samples, the cobalt hydroxide
with interlayer sulfate seems to provide the highest interfacial
area of solid/liquid reaction. In conclusion, the architecture

Figure 2. The FT-IR spectra of R-cobalt hydroxide samples with
intercalated chloride (a), nitrate (b), acetate (c), sulfate (d) anions, and
�-cobalt hydroxide sample (e).
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element of the sample is sheet or layer due to template action
of polyethylene glycol, but the intercalated anions lead to quite
distinctive morphology. The different intercalated anions provide
a different located force field, resulting in a special growth of
the materials.

Electrochemical Properties. Cyclic voltammetry (CV) is
considered to be a suitable tool to indicate the capacitive
behavior of any material. Figure 5 shows the CV curves of the
samples with intercalated different anions in 6 M KOH
electrolyte at a scan rate of 5 mV s-1. As shown in Figure 5,
there are two redox peaks due to the following Faradaic reactions
of Co(OH)2:

Co(OH)2 + OH- S CoOOH + H2O + e- (1)

CoOOH + OH- S CoO2 + H2O + e- (2)

One quasireversible electron transfer process is visible in
every curve, indicating that the measured capacitance is mainly
based on redox mechanism.40 Furthermore, the shape of the
curves (Figure 5) revealed that the capacitance characteristic
was distinct from that of the electric double layer capacitor,
which would produce a CV curve close to an ideal rectangular
shape. The integral area is maximal for the sample with the
intercalated chlorine, but minimal for the sample with the
intercalated sulfate. To expose cyclic voltammetric characteristic
of the electrode, the response of the anodic current to sweep
rates was measured by taking the compound with the intercalated
chlorine as an example. It can be seen from Figure 6 that the
anodic peak current ip vs. V1/2 plot, where V is the voltage scan
rate, gives a reasonable linear relationship, while ip vs. V gives
a nonlinear relationship. In semi-infinite diffusion controlled
cyclic voltammetry in liquid electrolytes, ip vs. V1/2 gives a linear
relationship regardless of the scan rate for a kinetically
uncomplicated redox reaction; for an adsorption process, ip vs.
V is expected to be linear at different rates. So it can be
suggested that the redox reaction of cobalt hydroxide is a
diffusion-limited reaction, as noted by other authors.41-43

Figure 7 shows discharge curves for Co(OH)2 with different
intercalated anion (chloride (curve a), nitrate (curve b), acetate
(curve c), and sulfate (curve d)) and the charge-discharge (CD)
curves (insert) in the case of intercatalated chloride in 6 M KOH

electrolyte at 1 A g-1 current density in the potential range of
-0.1 to 0.4 V. One can observe redox characteristics in the
CD curves that are directly related to the redox peaks of
Co(OH)2 in the CV curves (Figure 5). The profiles of the CD
curves are close to an ideal triangular shape. The specific
capacitances, calculated on the base of the discharge curves for
the samples with intercalated anion chloride (curve a), nitrate
(curve b), acetate (curve c), and sulfate (curve d), are 697, 638,
526, and 420 F g-1, respectively. So far as the cobalt hydroxide
synthesized by the chemical route is concerned, all the samples
reach high specific capacitances. The spacing, water content,
and crystalline defects of R-cobalt hydroxide are responsible
for superior supercapacitive properties.

Cyclic stability of the four electrodes is also evaluated by
repeating the CV scan for 100 cycles, and Figure 8 displays
the specific capacitance (SC) of the R-cobalt hydroxide with
different intercalated anion (chloride (curve a), nitrate (curve
b), acetate (curve c), and sulfate (curve d)) as a function of
charge-discharge cycle numbers at a current density of 3 A
g-1. We notice that the repetitive charge/discharge induces
degradation of the porous structure, resulting in a noticeable
discharge specific capacitance loss (about 27% for intercalated
chloride anion, 44% for intercalated nitrate anion, 43% for
intercalated acetate anion, and 52% for intercalated sulfate
anion). But the specific capacitance loss of the R-cobalt
hydroxide with intercalated chloride anion electrode is relatively
slighter than that of other electrodes after 100 cycles. Despite
the relatively poor electrochemical stability, this is important
in searching for maximizing the capacitance and cyclic stability
of this sort of material.

Further analysis of the above data leads to several interesting
details. For example, there is a notable negative correlation
between the value of the specific capacitances and the proton
affinity of the intercalated anions. Furthermore, XRD spectra
and FESEM images indicate that the sample with intercalated
sulfate has a small crystalline size, more disordered structure,
and almost perfect alveolate nanostructure with a large surface
area, implying that it should have more excellent capacitive
properties than the others. To our great surprise, however, this
sample has poor specific capacitance, in opposition to what is
expected. Moreover, the specific capacitance of the four as-

Figure 3. TG-DTG of R-cobalt hydroxide samples with intercalated chloride (a), nitrate (b), acetate (c), and sulfate (d) anions.
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synthesized samples decreases with an increase in their spacing.
This suggests quite strongly that there is an inherent effect on
the capacitive properties of R-cobalt hydroxide. We consider
that the hydrogen bonding between the interlayer water mol-
ecules and OH groups bound to cobalt ions and the affinity
between the intercalated anions and proton plays have an
important role in the diffusion rate of the proton, which may
be a determining step for redox reaction in the charge-discharge

Figure 4. FESEM of R-cobalt hydroxide samples with intercalated chloride (a), nitrate (b), acetate (c), and sulfate (d) anions.

Figure 5. CV curves of R-cobalt hydroxide samples with intercalated
chloride (a), nitrate (b), acetate (c), and sulfate (d) anions at 5 mV s-1

scan rates within a potential window of -0.2 to 0.5 V vs. Hg/HgO.

Figure 6. Variation of anodic peak current with scan rate1/2 and
variation of anodic peak current with scan rate (insert) for R-cobalt
hydroxide samples with intercalated chloride anion electrode.

12506 J. Phys. Chem. C, Vol. 113, No. 28, 2009 Hu et al.



processes. The sufficient hydrogen bonding between the inter-
layer water molecules and the Co-OH group may be beneficial
to mitigating polarization of the electrode or enhancing utiliza-
tion of the active materials. The TG-DTG analysis shows that
the content of the interlayer water decreases with the order of
the intercalated anion Cl-, NO3

-, CH3COO-, and SO4
2-. This

change is consistent with the increase of the OH-stretch
vibrations as shown in the IR spectra of the samples. The high
frequency of the O-H stretching vibrations is indicative of weak
hydrogen bonding. In particular, the sulfate ion has a strong
polarity and its O atom has a large electronic negativity, and
might form a hydrogen bond with the interlayer water at this
site, which hinders water molecules intercalated in the layer
from forming a hydrogen bond with the Co-OH group.
Specially, the acetate ion contains a hydrophobic group, which
also hinders water molecules intercalated in the layer from
forming a hydrogen bond. The effect of the nitrate ion is similar
with sulfate, but weak. However, the chloride ions may be
coordinated with Co ions, which might have no effect on the
intercalation of water molecules.

Conclusions

The four R-cobalt hydroxides with distinctive morphology
were successfully synthesized by using polyethylene glycol as
the structure-directing reagent. The intercalated anions had a
critical effect on the basal plane spacing, the content of the
structural water, morphologies, and capacitive properties of the

products. Except for the sample with intercalated chlorine, the
others represent a slight expansion in basal plane spacing. The
spacing of the cobalt hydroxide with intercalated sulfate is
maximal and up to 8.155 Å. The content of structural water
decreases with the order of intercalated anion Cl-, NO3

-,
CH3COO-, and SO4

2-, which is negatively consistent with the
size of anions. Among the four samples, every one displays an
interesting and distinctive morphology. However, the architec-
ture element of the sample is sheet or layer due to the template
action of polyethylene glycol. The specific capacitances of the
samples with intercalated anion chloride, nitrate, acetate, and
sulfate are 697, 638, 526, and 420 F g-1, respectively. There is
a notable negative correlation between the value of the specific
capacitances and the proton affinity of the intercalated anions.
Furthermore, the hydrogen bonding between the interlayer water
molecules and OH groups bound to cobalt ions and the affinity
between the intercalated anions and proton plays an important
role in the diffusion rate of the proton, which directly affects
the capacitive properties of R-cobalt hydroxide.
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