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bstract

NiOx xerogels were formed by the sol–gel method followed by heat-treatment under ambient pressure. The structure and properties of these
aterials were characterized by using X-ray diffraction, XPS, TEM, TGA–DTA and N2 (77 K) adsorption. Electrodes with the xerogels were

ctivated by cyclic voltammetry (CV) and their capacitive performance was evaluated by CV and galvanostatic technique in 7 M KOH solutions.
maximum specific capacitance of 696 F g−1 was obtained by constant current discharge with a current density of 2.0 mA cm−2 for the NiO
x

erogels heat-treated at 250 ◦C. The results of in situ XRD of the NiOx xerogels after the charge/discharge recycling test showed that the NiOx

erogels might exhibit faradaic pseudocapacitance by surface redox from Ni(OH)2 to NiOOH. The high performance obtained indicates that these
aterials are promising electrode materials for supercapacitors.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Supercapacitors have attracted considerable attention in
ecent years for their use in high power applications [1,2].

ost commercial supercapacitors store energy in electric double
ayer. The capacitance of an electric double layer is typically in
he range of 10–40 �F cm−2 [3] and the voltage is limited by the
lectrochemical stability of the electrolyte. Faradaic pseudoca-
acitance can enhance the energy storage of the supercapacitors
3], transition metal oxides, such as Co2O3 [4], RuO2 [5–7] and

2O5 [8], exhibit faradic pseudocapacitance.
Recently, NiO materials have received much attention due

o the low cost of raw materials, low toxicity, and their envi-
onmentally friendly character. Studies of Liu and Anderson [9]
nd Srinivasan and Weidner [10] have shown that NiO materi-
ls formed by heating electro chemically derived Ni(OH)2 are
romising electrode materials for supercapacitors. The highest
pecific capacitance of these materials is 278 F g−1.
Since the electric double-layer capacitance and the pseudo-
apacitance are interfacial phenomena, the materials for super-
apacitors should possess a high specific surface area to enhance
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he charge-storage capability. The sol–gel method can give the
aterials superior properties, including (1) high specific sur-

ace area; (2) stabilization of nanoscale matter to coalescence or
gglomeration; (3) rapid mass transfer through the continuous
olume of mesopores. Considering these aspects, we prepared
iOx xerogels using the sol–gel method followed by heat-

reatment under ambient pressure. The resulting NiOx xerogels
ehaved as supercapacitors with a maximum specific capaci-
ance of 696 F g−1 under constant current discharge with a cur-
ent density of 2.0 mA cm−2 in 7 M KOH solutions. At the same
ime, in situ XRD spectra showed that after the charge/discharge
ycle, there was Ni(OH)2 in the NiOx xerogels prepared by
eating at high temperature, indicating that the NiOx xerogels
ight exhibit faradaic pseudocapacitance by a surface redox

rom Ni(OH)2 to NiOOH.

. Experimental

NiSO4·6H2O, KOH, Na3C6H5O7·2H2O and NaOOCCH3 of
nalytical grade purity were used. In order to achieve Ni(OH)2
els, a simple process was developed, as the follows. An aque-

us solution consisting of 30 g L−1 NiSO4·6H2O, 13 g L−1

a3C6H5O7·2H2O and 5 g L−1 NaOOCCH3 was kept stirred
t a constant temperature of 80 ◦C under ambient pressure. A
M aqueous solution of KOH was dropwise added into the
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bove solution until the pH of the solution reached 12. The
esulting suspension was centrifuged and rinsed repeatedly with
istilled water and ethanol. Ni(OH)2 gels were then obtained.
he gels were heated to 80 ◦C and held there until dried enough.
emperature-programmed calcination in air was used in the final
reparation step to achieve the NiOx xerogels. The dried gels
ere heated at a rate of 5 ◦C min−1 to the calcinations temper-

ture (which varied from 110 to 450 ◦C), held there for l h, and
hen allowed to cool naturally. The BET specific surface area
nd pore volume of the xerogels were determined by means of
itrogen gas adsorption at 77 K with micrometrics ASAP 2010.
he pore size distribution of Ni(OH)2 xerogels was calculated
ccording to BJH method by using the desorption branch of
he isotherm. A Rigaku D/MAX-RB diffractometer using Cu
� radiation was used to obtain the crystalline information of

he samples. ANETZSCH STA449C Jupiter® thermogravimet-
ic analyzer was used to determine the weight loss of the dried
els during calcination in air at a heating rate of 5 ◦C min−1.
lemental composition analysis of the samples was carried out

y X-ray photoelectron spectroscopy (XPS) by using a PHI
300 X-ray Photoetectron Spectrometer. The XPS analysis was
erformed with a monochromatic Mg K� source operating at
50 W with a pass energy of 20 eV and a step of 0.1 eV trans-

r
1
d
v

Fig. 1. Nitrogen absorption/desorption isotherm (77 K) of the NiOx xerogels hea
ources 159 (2006) 734–741 735

ission electron microscopy (TEM) was used to characterize
he microstructure of the samples.

All electrochemical measurements were carried out using a
olartron 1280Z workstation in a three-electrode configuration
ssembly consisting of active carbon as the counter electrode,
iOx xerogels as the working electrode and Hg/HgO (7 M KOH

queous electrolyte) as the reference electrode. The working
lectrodes were made as follows. A slurry of NiOx xerogels
as formed with a weight ratio of NiOx xerogels: carbonblack:
MC = 94:5:1. The slurry was coated onto single side of a piece
f nickel foam sheet. Another piece of nickel foam sheet was
ut onto the coated side to sandwich the NiOx materials and then
he sandwiched sheets were dried and pressed to form a working
lectrode. The working electrode contained about 30 mg NiOx

erogels on an apparent area of 1.0 cm2. An activation process
as carried out in a potential window from 0.25 to 0.65 V versus
g/HgO at a scan rate of 1 mV s−1. The electrochemical per-

ormance was evaluated by using the cyclic voltammetry (CV)
nd galvanostatic technique. CV was conducted in a potential

ange between 0.20 and 0.60 V versus Hg/HgO at a scan rate of
mV s−1. A constant current discharge test was carried out at
ifferent currents after a 10-min potentiostatic process at 0.60 V
ersus Hg/HgO.

t-treated at different temperatures: (a) 110 ◦C, (b) 250 ◦C, and (c) 450 ◦C.
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The effect of the calcination temperature on the crystalline
structure of the NiOx xerogels is shown in Fig. 4 in terms of the
ig. 2. Pore size distribution of the NiOx xerogels calculated by BJH method by

. Results and discussion

The typical nitrogen gas absorption/desorption isotherms of
he NiOx xerogels are shown in Fig. 1. All the samples displayed
n isotherm of type IV and a hysteresis loop of type H2 according
o the IUPAC classification. The hysteresis loop is indicative of

esoporosity.
By using the desorption branch of the isotherm, the pore size

istribution of the NiOx xerogels calculated by BJH method
ere derived as shown in Fig. 2. One can see that the pore size
istribution is mainly in the region of 1–10 nm and the mesopore
tructure is almost changeless as the calcination temperature
ncreases. This indicates that the NiOx xerogels obtained have a
table and well-developed mesopore structure.

The effect of thermal treatment on the specific surface area
nd pore volume of the NiOx xerogels is shown in Fig. 3.
he specific surface area initially decreased with an increase

n temperature from 200 to 300 ◦C and reached a maximum of
85 m2 g−1 at 300 ◦C and then decreased with a further increase

n temperature. The pore volume increased with an increase in
emperature from 110 to 280 ◦C, and kept constant in the range
etween 280 and 400 ◦C, and then decreased slightly to 450 ◦C.
t is the variation of the micropores of the NiOx xerogels that

F
a

g the desorption branch of the isotherm: (a) 110 ◦C, (b) 250 ◦C, and (c) 450 ◦C.

as caused a surface area shift, while the mesopore structure
emains almost stable relative to the pore size distribution of the
ig. 3. Effect of the calcination temperature on both the specific surface area
nd pore volume of the NiOx xerogels.
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ig. 4. XRD of the NiOx xerogels heated at different temperatures: (a) 110 ◦C,
b) 200 ◦C, (c) 250 ◦C, (d) 280 ◦C, (e) 300 ◦C, (f) 350 ◦C, (g) 400 ◦C, and (h)
50 ◦C.

RD patterns. Below 200 ◦C, all the distinct diffraction peaks
f the NiOx xerogels consist with those of �-Ni(OH)2 (such as
CPDF card 74-2075). As the temperature increased from 250
o 280 ◦C, distinct diffraction peaks of NiO (such as JCPDF
ard 47-1049) were observed. Above 280 ◦C, the XRD patterns
xhibited only the characteristic peaks of NiO, and the intensities
f the peaks increased as the temperature increased, indicating
hat more crystallization was taking place.

Thermogravimetric and differential thermal analyses
TG–DTA) were carried out on the dried Ni(OH)2 gels to
nvestigate their thermal behavior. The corresponding patterns
re illustrated in Fig. 5 with commercial Ni(OH)2 as a reference.
he weight loss of the dried Ni(OH)2 gels occurred in three
tages: (1) an initial loss of about 7.9% up to 200 ◦C, corre-
ponding to removal of the water of hydration and absorbed

◦
ater, (2) a rapid loss of about 12.0% between 250 and 320 C,
orresponding to removal of the water due to the decomposition
f the Ni(OH)2 to NiOx, and (3) an additional rapid loss of
bout 4.3% between 390 and 420 ◦C.

N
i
w
i

Fig. 5. TG A and DTA plots for (a) dried Ni(O
ources 159 (2006) 734–741 737

According to the decomposition reaction equation of
i(OH)2:

i(OH)2
�−→NiO + H2O ↑ (1)

he total weight loss is about 19.4%, close to the weight loss of
he commercial Ni(OH)2 which is about 17.8%. Both the weight
oss of the dried Ni(OH)2 gels in the latter two stages are about
6.3%, close to the weight loss of the commercial Ni(OH)2.
e speculate that the decomposition of the dried Ni(OH)2 gels
ight include two steps, i.e., decomposition of the crystalline
-Ni(OH)2 occurs between 250 and 320 ◦C, and decomposition
f the amorphous Ni(OH)2 occurs between 390 and 420 ◦C.

XPS measurements were performed for a better understand-
ng of the previous results. Fig. 6 shows the XPS data of the
iOx xerogels for full scan and Ni 2p. For a charge correction
n the samples, the peak of the C 1s line (284.6 eV) [11] from
dventitious hydrocarbon was used as a reference. As shown in
ig. 6(a), only Ni and O were observed according to the full
can results of all the samples. In Fig. 6(b), there was only one
ominant peak at 855.7 eV for the Ni 2p spectra of the NiOx

erogels heated at 200 ◦C, but there were two dominant peaks
t 854.3 and 855.7 eV for the Ni 2p spectra of the NiOx xero-
els heated above 200 ◦C. The dominant Ni 2p3/2 peaks of 854.3
nd 855.7 eV are consistent with the Ni 2p3/2 peaks for NiO and
i(OH)2 [11], respectively.
An analysis of the O ls peak can give useful informa-

ion regarding the state of oxygen bonding of the samples.
ig. 7(a)–(d) shows the XPS spectra of O ls. There was only
ne binding energy peak at 531.3 eV for the O ls spectra of the
iOx xerogels heated at 200 ◦C shown in Fig. 7(a), but there
ere two binding energy peaks at 529.5 and 531.3 eV respec-

ively for the O ls spectra of the NiOx xerogels heated above
00 ◦C as shown in Fig. 7(b)–(d). The dominant O ls peaks of
29.5 and 531.3 eV are consistent with the O ls peak of NiO and

i(OH)2 or Ni2O3 [11], respectively. The peak area of 529.5 eV

ncreased with an increase in temperature from 250 to 450 ◦C
hile the peak area of 531.3 eV decreased, indicating that the x

n NiOx decreased. The XPS study showed that the nickel oxides

H)2 gels and (b) commercial Ni(OH)2.
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re nonstoichiometric [12], thus the nickel oxide in this paper
ould be denoted as NiOx. The element ratio calculated from

PS data was listed in Table 1 (H excluded).
Fig. 8 represents the TEM micrograph of the NiOx xerogels

eated at 110 ◦C. The TEM image shows many micro-stripes
f nanocrystals with a size about 10 nm, indicating that the

u
t
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Fig. 7. XP spectra of the O ls for the samples: (a) 2
s: (a) full scan and (b) Ni 2p spectra.

iOx xerogels consist of nanocrystalline �-Ni(OH)2, amor-
hous materials and many nanopores.
The activation of the NiOx xerogels calcined at 110 ◦C by
sing CV is shown in Fig. 9. The CV current of the elec-
rodes was found to increase gradually with charge–discharge
ecycle number, indicating that there was an activating process

00 ◦C, (b) 250 ◦C, (c) 350 ◦C, and (d) 450 ◦C.
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Fig. 8. TEM micrographs of the NiOx xerogels calcined at 110 ◦C.

Fig. 9. Activation of the NiOx xerogels cabined at 110 ◦C by using cyclic voltam-
metry at 1 mV s−1 in 7 M KOH (first five cycles).

Table 1
Element ratio of the NOx xerogels heated from 110 to 450 ◦C (from XPS data,
H excluded)

Sample (◦C) x in NiOx

110 2.32
200 2.06
250 1.50
280 1.36
300 1.19
350 1.18
400 1.15
4
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Fig. 10. The discharge behavior of the NiOx xerogels (charging at 0.6 V vs. Hg
50 1.08

ust like the Ni(OH)2 electrodes in MH/Ni and Cd/Ni batter-
es. After 10 cycles the charge capacity tended to reach stabil-
ty.

After activation, galvanostatic technique and CV were used
o analyze the electrochemical properties of the NiOx xerogels.
onstant current discharge profiles of the NiOx xerogels are

hown in Fig. 10, where the charge process was measured as a
otentiostatic process for 10 min at 0.60 V versus Hg/HgO. The
orresponding specific capacitances were calculated from

= I�t

m�V
(2)

here I is the discharge current, �t the total discharge time,
the mass of the NiOx xerogels, �V the potential drop dur-

ng discharge, and C is the specific capacitance. The results
re displayed in Table 2. The NiOx xerogels calcined at 250 ◦C
xhibited the highest specific capacitance of 696 F g−1 with a
ischarge current density of 2.0 mA cm−2. This indicated that
he capacitance of the NiOx xerogels has been enhanced. The
esulting patterns of the CVs are shown in Fig. 11. The poten-
ial was scanned between 0.20 and 0.60 V versus Hg/HgO at a

can rate of l mV s−1 in both directions and the current response
as measured. All the curves exhibited almost the same shape

nd there were no obvious peaks, indicating that these elec-
rodes exhibited perfect pseudocapacitance. These curves also

/HgO for 10 min): (a, left) i = 2 mA cm−2 and (b, right) i = 20 mA cm−2.
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Table 2
Effect of the calcination temperature on the specific capacitance calculated from
constant current discharge curves (charging at 0.6 V vs. Hg/HgO for 10 min)

Heating
temperature (◦C)

Specific capacitance F g−1 (0.60–0.00 V vs. Hg/HgO)

2 mA cm−2 10 mA cm−2 20 mA cm−2

110 592 419 377
200 636 469 404
250 696 521 479
280 586 420 373
300 546 383 340
350 494 302 269
4
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00 382 270 235
50 157 106 88.8

xhibited similar trends with those shown in Fig. 10; thus, these
esults were consistent with those obtained from galvanostatic
echniques.

In recent studies of nickel oxide as a supercapacitor material
9,13], the electrochemical redox reaction of nickel oxide in
lkaline solution could be expressed as below:

iO + OH− ⇔ NiOOH + e− (3)

According to the study of Kwang-Bum Kim and Kwang-Wan
im [12], the electrochemical redox reaction of the NiOx is not a

imple adsorption/desorption reaction of OH− ions, but rather is
two-step process. During the initial stage of oxidation, H+ ions
re released from the oxide surface to form H2O with OH− in
he solution, followed by adsorption of OH− ions in the solution
nto the oxide surface during the latter stage of the oxidation.
he reverse occurs during reduction.

In the present work, high specific capacitance was obtained.
ut at higher temperatures, such as 400–450 ◦C, the specific
apacitance of the NiOx xerogels decreased. In other words,
he capacitance of the NiOx xerogels slightly increased while
he x in NiOx decreased with a temperature increase from 100

o 250 ◦C. It reached a maximum of 696 F g−1 at 250 ◦C and
harply decreased as the x in NiOx further decreased. We spec-
late that there might be another mechanism for charge storage.
n order to get a better understanding of the nature of the charge-

ig. 11. Steady CV curves of the NiOx xerogels at l mV s−1 in 7 M KOH.
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ig. 12. XRD patterns of the NiOx xerogels heated at different temperatures
after charge/discharge): (a) 110 ◦C, (b) 200 ◦C, (c) 250 ◦C, (d) 280 ◦C, (e)
00 ◦C, (f) 350 ◦C, (g) 400 ◦C, and (h) 450 ◦C.

torage mechanism of the NiOx xerogels, in situ XRD was used
o observe the crystalline structure of the NiOx xerogels after
he charge/discharge test. The resulting patterns are shown in
ig. 12. After the charge/discharge recycling test, the distinct
iffraction peaks of �-Ni(OH)2 were observed in the spectra
f the NiOx xerogels heat-treated at temperatures from 280 to
00 ◦C. This indicated that the process might be expressed as
4):

iO + H2O ⇒ Ni(OH)2 (4)

r

iO + OH− ⇒ NiOOH + e−,

iOOH + H2O + e− ⇒ Ni(OH)2 + OH− (5)

Since the specific capacitance of the NiOx xerogels is larger
hen x in NiOx is larger, the reversible pseudocapacitance redox

eaction might be expressed as (6):

iOOH + H2O + e− ⇔ Ni(OH)2 + OH− (6)

In another words, a part of NiO in the NiOx xerogels might
tore charge according to a process as (3), but another part of
he NiO would transform to Ni(OH)2 as shown (4) or (5), i.e.,
he Ni(OH)2 might also store charge on the oxide surface.

At higher calcination temperatures, such as above 400 ◦C,
he process of (4) or (5) was partially cut short because defec-
ive sites decreased as a result of crystallization. So the specific
apacitance of the NiOx xerogels decreased sharply as calcina-
ion temperature increased in the range from 400 to 450 ◦C.

. Conclusions
NiOx xerogels were formed by the sol–gel method at
0 ◦C and ambient pressure followed by heat-treatment in air.
he NiOx xerogels exhibited both high surface area and sta-
le mesopore structure. The TGA–DTA study showed that
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he decomposition of the dried Ni(OH)2 gels might contain
wo parts, i.e., the decomposition of the crystal form occurs
etween 250 and 320 ◦C and the decomposition of the amor-
hous form occurs between 390 and 420 ◦C. At the calcina-
ion temperatures of 110–200 ◦C the crystalline structure of
he NiOx xerogels was �-Ni(OH)2. However, crystalline NiO
rose and increased with an increase in temperature from 250 to
50 ◦C.

Cyclic voltammetry study showed that the NiOx xerogels
ave an activating process. The specific capacitance of the
iOx xerogels initially increased with an increase of calcina-

ion temperature from 110 to 250 ◦C, and it reached a maximum
f 696 F g−1 at 250 ◦C but decreased as the temperature con-
inuingly increased. The high performance obtained indicates
hat the Ni(OH)2 xerogels are promising electrode materials for
upercapacitors.

In situ XRD was used to observe the crystalline structure of
he NiOx xerogels after the recycling test. The results showed
hat the distinct diffraction peaks of �-Ni(OH)2 appeared in the
pectra of the NiOx xerogels heat-treated at temperatures from
80 to 400 ◦C. This indicated that Ni(OH)2 might also store
harge on the oxide surface, i.e., the NiOx xerogels might exhibit
aradaic pseudocapacitance by surface redox from Ni(OH)2 to
iOOH.
cknowledgement
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