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Abstract. Very fine nickel hydroxide and oxide xerogel powders were prepared using a new sol-gel synthesis
procedure in which nickel ethoxide was produced through the reaction of nickel chloride, as a precursor, with
sodium ethoxide in dehydrated ethanol, followed by the hydrolysis of nickel ethoxide with ammonia and drying the
resulting hydrogel under subcritical pressures to form the xerogel. The effects of thermal treatment on the surface
area, pore volume, crystallinity and particle structure of the resulting xerogels were investigated and found to have
significant effects on all of these properties. Overall, the xerogel remained amorphous as Ni(OH)2 up to 200◦C,
with little change in the surface area and pore volume. At 250◦C, the Ni(OH)2 began to decompose and form
crystalline NiO with the uniformity of the crystals increasing with an increase in temperature. The surface area and
pore volume decreased sharply when increasing the temperature beyond 250◦C; this was the temperature where
maximums of about 270 m2/g and 0.33 cm3/g were exhibited by this composite amorphous Ni(OH)2 and crystalline
NiO xerogel powders. At the higher calcination temperatures, very uniform NiO crystals with average crystallite
sizes of ∼1.7 nm and ∼14.5 nm were obtained at 400 and 600◦C, respectively.

Keywords: nickel oxide, nickel hydroxide, sol-gel process, surface area pore volume, nanostructure, thermal
effects

1. Introduction

Nickel oxides (Ni(Ox Hy)z) are well-studied materials
due to their use in a variety of applications, such as
catalysis [1–3], battery electrodes [4–6], and electro-
chemical capacitors [7, 8]. The preparation methods for
these materials basically include impregnation of NiO
[9] or Ni(OH)2 [10], solid-state reaction [11], evapo-
ration [12], and electrodeposition [13]. However, these
preparation methods usually result in nickel oxides or
hydroxides with low surface areas, and this necessar-
ily limits the number of active sites that are available
for catalytic and electrochemical reactions. Recently,
a novel preparation method, the sol-gel process, is
receiving increasing attention in the electrochemical
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research community for making metal oxides [14–17].
The sol-gel process is quickly becoming one of the most
promising materials synthesis techniques, because it
readily allows for control of the texture, composition,
homogeneity, and structural properties of the result-
ing materials [18]. Moreover, numerous studies have
recently been devoted to understanding how the syn-
thesis conditions affect the porous structure of sol-gel
derived materials [19–23]. Nonetheless, very limited
information is available on sol-gel derived (Ni(Ox Hy)z)
materials [7, 24, 25], where x, y and z take on values
of 1, 1 and 2 for Ni(OH)2 and 1, 0 and 1 for NiO, in
this work.

For example, El Baydi et al. [24] reported the produc-
tion of high surface area (20–55 m2/g) Ni-containing
mixed oxide powders synthesized via a propionic acid
sol-gel route for use as oxygen electrocatalysis in
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alkaline media. Serebrenniková et al. [25] investigated
the electrochemical behavior of sol-gel produced Ni
and Ni-Co oxide films, but no information was pro-
vided regarding the corresponding surface areas and
pore structures of these films. Liu et al. [7] developed a
sol-gel route for making NiO/Ni films for use as an elec-
trochemical capacitor. For the sample fired at 300◦C,
they reported a Brunauer-Emmett-Teller (BET) surface
area of 120 m2/g.

The objective of this work is to employ a new sol-
gel synthesis route [26] for making controlled-pore,
high surface area, Ni(Ox Hy)z structures for use as cat-
alysts, electrode materials, etc. The effects of the cal-
cination temperature on the BET surface area, pore
volume, and pore structure of the Ni(Ox Hy)z xero-
gels are presented. Transmission electron microscopy
(TEM), X-ray diffraction (XRD), thermogravimetric
analysis (TGA), and differential scanning calorime-
try (DSC) studies were also carried out as a func-
tion of the calcination temperature to better elucidate
the physical and chemical changes taking place upon
heating.

2. Experimental

2.1. Synthesis

Reagent-grade nickel chloride (NiCl2, 98%, Aldrich),
sodium ethoxide (NaOC2H5, 96%, Aldrich), dehy-
drated ethanol (EtOH, 200 proof, Quantum), and am-
monium hydroxide (NH4OH, 50 vol%, Alfa) were
used as received. In a three-necked flask, equipped
with a N2 purge, cooling water condenser, and mag-
netic stirrer, NiCl2, NaOC2H5 (mole ratio of NiCl2 to
NaOC2H5 = 1:2), and dehydrated EtOH were added.
The mixture was heated and refluxed for 3 h, and then
cooled to room temperature. Next, while agitating, a
0.2 M solution of NH4OH was added dropwise to form
the hydrogel; agitation was continued overnight. The
reactions are summarized below [17]:

Stage 1: NiCl2 + 2NaOC2H5

→ Ni(OC2H5)2 + 2NaCl (1)

Stage 2: Ni(OC2H5)2 + 2NH4OH

→ Ni(OH)2 + 2NH4OC2H5 (2)

In order to remove the NaCl from the hydrogel, the
gel was washed with a 50 vol% solution of EtOH in
distilled water and filtered under vacuum three times.

This step was followed by a final wash with 100% de-
hydrated EtOH.

Temperature-programmed drying and calcination
in air were used in the final preparation step. The
washed gel was heated to 65◦C with a heating rate
of 0.5◦C/min, and held at 65◦C for 5 h. Then, it was
heated to 110◦C and held there for another 5 h. Finally,
it was heated at a rate of 5◦C/min to the calcination
temperature (varied as a parameter in this study) and
held there for 3 h.

2.2. Characterization

A Micromeritics Pulse Chemisorb-2700TM analyzer
was used to obtain the BET surface areas and pore
volumes of both the carbon xerogels and aerogels. A
single point BET method was used to obtain the surface
areas using 30 vol% N2 in He (National Welders). The
resulting surface areas were calculated from

S = AN

(
1 − P

P0

)
Va

M
(3)

where Va is the volume (at STP) of gas adsorbed at a N2

partial pressure of P (30% of atmospheric pressure), P0

is the saturation pressure of N2, A is Avogadro’s num-
ber (6.023 × 1023 molecules/g-mole), M is the molar
volume of the gas (22414 cm3/g-mole at STP) and N
is the area of each adsorbed N2 molecule (estimated
as 16.2 Å2). A single point method was also used to
obtain the total pore volumes using 98 vol% N2 in He
(from National Welders) to fill the pores. The resulting
pore volumes were calculated from

Vp =
(

Ml

M

)
Va (4)

where Ml is the molar volume of liquid N2 (34.670
cm3/g-mole), and M and Va are as defined above (at
STP).

The skeletal densities were measured with a Quat-
achrome Ultrapycnometer 1000TM. The transmission
electron micrographs were obtained with a Hitachi H-
8000TM transmission electron microscope (TEM), and
the X-ray diffraction (XRD) patterns were collected
using a Rigaku-D-max B diffractometer equipped with
a Cu source. A Perkin-Elmer thermogravimetric ana-
lyzer (TGA-7) and a Perkin-Elmer differential scan-
ning calorimeter (DSC-7) were used to determine the
weight loss and corresponding energetic response of
the dried gel upon calcination in air at a heating rate of
5◦C/min.
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X-ray diffraction peak widths were used to estimate
the average size of the crystallites in the Ni(Ox Hy)z

xerogels from the Scherrer equation [27]:

d = Kλ

b · cos θ
(5)

where d is the crystallite size, K is a constant (taken
as 0.9), λ is the incident radiation wavelength (1.5406
Å for Cu Kα radiation), b is the peak width at its half
height in terms of 2θ and θ is the angle of the diffraction.
Note that the peak with the highest intensity was used
to determine the crystallite size. The measured pore
volume and skeletal density measurements were used
to obtain the particle density from

dp = 1

Vp + 1
ds

(6)

where dp is the particle density and ds is the skeletal
density.

3. Results

The effects of thermal treatment on the surface area
and pore volume of the Ni(Ox Hy)z xerogels are shown

Figure 1. Effect of the calcination temperature on the surface area and pore volume of Ni(Ox Hy )z xerogels.

in Fig. 1. Initially, the surface area decreases slightly
from 215 to 200 m2/g as the temperature increases
from 110 to 200◦C; but then it jumps surprisingly
to ∼270 m2/g at 250◦C. Beyond 250◦C, the sur-
face area decreases sharply to around 50 m2/g at
400◦C, and then slowly reaches 20 m2/g at 600◦C.
In contrast, the pore volume increases almost linearly
from 0.26 to 0.32 cm3/g when the temperature in-
creases from 110 to 250◦C. Beyond 250◦C, it decreases
linearly with temperature down to ∼0.07 cm3/g at
600◦C.

The effects of the calcination temperature on the
XRD patterns of the Ni(Ox Hy)z xerogels are shown
in Fig. 2. At low temperatures between 110 and
200◦C the XRD patterns are essentially identical with
one small peak at 2θ = ∼15◦, which corresponds to
the (001) phase of Ni(OH)2 crystals, and two broad
peaks at 2θ = 34.5 and 60◦, which are associated with
amorphous Ni(OH)2. Following calcination at higher
temperatures, the XRD patterns show the characteristic
peaks of NiO at 37.1, 43.1, and 62.7◦, which corre-
spond to the NiO crystalline phases (111), (200) and
(220), respectively. These XRD results are identical
to those reported in the literature [28, 29]. Traces of
these peaks are first detected in the XRD pattern after
calcination at 250◦C, and then their intensity increases
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Figure 2. Effect of the calcination temperature on the X-ray
diffraction (XRD) pattern of Ni(Ox Hy )z xerogels.

systematically when increasing the calcination
temperature.

The average crystallite size and intensity of the
XRD peak at 2θ = 43.1◦ as a function of the calci-
nation temperature are shown in Fig. 3. Linear, pro-
portionally increasing, dependences on the calcination
temperature are exhibited in both cases. The crys-
tallite size is initially ∼1.5 nm for the xerogel cal-
cined at 250◦C, and it increases to ∼14.5 nm as the
calcination temperature increases to 600◦C. In ad-
dition, the increase of the XRD intensity with the
calcination temperature indicates that the number of
crystallites increases and the xerogel becomes more
crystalline.

The TEM images of the Ni(Ox Hy)z xerogels, dried
at 110◦C and calcined at 600◦C, are shown in Fig. 4(a)
and (b), respectively. These images show that the xero-
gel dried at 110◦C is comprised of about 5 nm particles,
whereas after calcination at 600◦C, the gel particles

increase in size to around 30 nm. The particle sizes
of the xerogel obtained from TEM are also two to
three times larger than those estimated from XRD. This
indicates that the particles seen in the TEM images
consist of aggregates of crystallites, instead of single
crystallites.

Figure 5 displays the skeletal and particle densi-
ties as a function of the calcination temperature. The
skeletal density increases almost linearly with temper-
ature from ∼2.7 g/cm3 at 110◦C up to ∼6.3 g/cm3

at 400◦C, and then remains constant up to 600◦C,
which is about 95% of the theoretical density [30]. On
the other hand, the particle density increases parabol-
ically from ∼1.5 g/cm3 at 110◦C to ∼4.5 g/cm3

at 600◦C.
The TGA and DSC results are shown in Fig. 6.

The weight loss of the xerogels occurs in three stages.
An initial weight loss of around 15% is exhibited in
the region corresponding to the temperature increas-
ing from ambient temperature (∼25◦C) to 200◦C. This
is followed by a rapid weight loss of around 15% be-
tween 200 and 270◦C, and then an additional, but grad-
ual, weight loss of around 5% up to 725◦C. The ini-
tial weight loss up to 200◦C is not associated with
any appreciable thermal events, as seen in the DSC
trace (Fig. 6(b)). However, between 200 and 270◦C,
the weight loss is accompanied by a marked endother-
mic event that extends over a broader temperature
range (up to ∼400◦C) than the weight loss. The fi-
nal small weight loss between 300 and 700◦C is ac-
companied by another marked thermal event; how-
ever, in this temperature range an exothermic event
occurs.

4. Discussion

The chemistry depicted in Eqs. (1) and (2) gives rise
to unique nickel oxides via the hydrolysis and con-
densation of the transition metal alkoxide. However,
because the hydrolysis of the transition metal alkox-
ide is so rapid [18], this chemistry results in sol-gel
derived precipitates instead of monolithic gels. Nev-
ertheless, nickel oxide precipitates can be synthesized
with rather interesting properties, as introduced above
and discussed below.

The initial decrease in surface area and increase in
pore volume when going from 110 to 200◦C, as shown
in Fig. 1, are essentially attributed to the elimination
of some of the internal surface constituents of the
Ni(Ox Hy)z sol-gel (e.g., removal of certain adsorbed
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Figure 3. Effect of the calcination temperature on the average crystallite size and the XRD peak intensity of Ni(Ox Hy )z xerogels
at 2θ = 43.1◦.

species), which leaves extra spaces within the wide
pores of the gel structure and also results in a slight
reduction of the internal surface area probably due to
shrinkage. Due to the synthesis procedure and the tem-
perature range, this behavior is believed to be due to
the removal of physisorbed water or some solvent, as
well as loosely bound surface hydroxyl groups. The
skeletal density increases slightly when increasing the
temperature from 100 to 200◦C in Fig. 5, which is con-
sistent with the removal of surface hydroxyl groups,
which allows the xerogel structure to react further and
become more cross-linked. However, at temperatures
>200◦C, the skeletal density increases sharply with the
calcination temperature up to 400◦C, indicating sub-
stantial removal of tightly bound or even chemisorbed
surface hydroxyl groups with subsequent compacting
of the skeletal structure in transforming from Ni(OH)2

to NiO as discussed in more detail below. Interest-
ingly, maximum surface areas and pore volumes of
the xerogels are exhibited at 250◦C in Fig. 1 and most
likely due to the initial decomposition of Ni(OH)2 to
form NiO through the removal of chemisorbed water
according to Eq. (7), which necessarily creates more

pores.

Ni(OH)2 → NiO + H2O (7)

When increasing the temperature from 250 to 600◦C,
primary NiO crystalline particles start to aggregate and
form larger secondary particles, as revealed in Figs. 2
and 3 via the XRD analyses. A sharp drop in the sur-
face area and a gradual drop in the pore volume possibly
indicate that the tiny intraparticle voids, i.e., microp-
ores, are virtually eliminated during this step. This is
consistent with the XRD results, which show that the
XRD intensities and average crystallite size increase
significantly when increasing the temperature as shown
in Figs. 2 and 3. These secondary particles also con-
tinue to grow into even larger crystallites when increas-
ing the temperature from 400 to 600◦C, which neces-
sarily eliminates the meso and macropores. Therefore,
the pore volume and surface in Fig. 1 both decrease
significantly, while the skeletal density in Fig. 5 levels
off at 400◦C.

The TEM images shown in Fig. 4 indicate that the
xerogel particles calcined at low temperatures (i.e.,
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Figure 4. Transmission electron micrograms (TEM) of Ni(Ox Hy )z

xerogels dried at 110◦C (a) and calcined at 600◦C (b).

Figure 5. Effect of the calcination temperature on the skeletal and particle densities of Ni(Ox Hy )z xerogels.

110◦C, shown in Fig. 4(a)) consist of fine amorphous
particles. In contrast, Fig. 4(b) shows that at 600◦C
these fine particles aggregate to form large crystals of
NiO. However, it is interesting that the crystalline par-
ticle size in Fig. 3 and particle density in Fig. 5 continue
to increase as the calcination temperature increases to
600◦C, but that the skeletal density in Fig. 5 levels off
at 400◦C. These results indicate that the size of the
crystallites increases as a result of cross-linking occur-
ring within the pores as they shrink and loose surface
hydroxyl groups; but this occurs without a change in
the density of the structural NiO framework. Hence,
the pore volume and surface area in Fig. 1 continue
to decrease slightly between 400 and 600◦C until they
correspond to only interparticle surface area and void
volume at 600◦C.

This interesting result can be illustrated by compar-
ing the surface area determined by the BET method
with that calculated from the external particle size
observed in the TEM image. Taking, for example,
the xerogels calcined at 250 and 600◦C, and suppos-
ing that the particle sizes are 20 and 30 nm, respec-
tively (as estimated from the TEM images in Fig. 4),
and that the skeletal densities in Fig. 5 are 4.3 and
6.4 g/cm3, respectively, the external surface areas of
(assumed to be) spherical particles can be calculated
as 70 and 31 m2/g, respectively, from the relationship
S = 6/(ds · ρ) where S is the specific surface area, ds

is the skeletal size and ρ is the skeletal density. The
calculated surface area of 31 m2/g is very close to that
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Figure 6. (a) Thermogravimetric analysis (TGA) and (b) differential scanning calorimetry (DSC) of Ni(Ox Hy )z xerogels heated in air at
5◦C/min.

obtained from the BET measurement for the xerogel
calcined at 600◦C, which is 25 m2/g. However, a dras-
tic difference between the calculated (70 m2/g) and
BET (260 m2/g) surface areas for the xerogel calcined
at 250◦C is revealed. Hence, at 600◦C the NiO xero-
gel consists of aggregates of nonporous crystals. But
between 250 and 400◦C significant intra-particle sur-
face area and pore volume can be established within

a structure that is most likely a mixture of crystalline
NiO and amorphous Ni(OH)2; and at around 400◦C,
where it appears that Ni(OH)2 is completely converted
to NiO, fairly high surface area (50 m2/g) NiO particles
can be created.

These results are further substantiated by the TGA
measurements shown in Fig. 6(a). They reveal a distinct
initial region of weight loss between 25◦C (ambient
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conditions) and 200◦C. In accordance with the previ-
ous discussions, this region corresponds to the loss of
physisorbed water, residual solvent and loosely bound
hydroxyl groups, as evidenced also by the marginal
changes in the DSC trace shown in Fig. 6(b). This ac-
counted for about 15% of the total weight of the xe-
rogel. The second weight loss region occurs between
200 and 270◦C and is accompanied by a significant en-
dothermic heat flow (as shown by the minimum value
in Fig. 6(b)), which corresponds to the decomposition
of Ni(OH)2 to form NiO; hence, significant structural
changes occur within this range of the calcination tem-
perature. The third region, between 270 and 600◦C,
exhibits only a slight weight loss probably due to the
further removal of chemisorbed water through the con-
version of Ni(OH)2 to NiO; however, this weight loss is
accompanied by a huge exothermic heat flow. This heat
flow is believed to be due to structural relaxation [31],
where pores are eliminated without significant weight
loss. During the structural relaxation of the NiO xero-
gel, the surface area and pore volume decrease sharply
and the particles become larger and more crystalline as
shown in Figs. 1 and 2.

5. Conclusions

A sol-gel synthesis route was developed to produce
high surface area Ni(Ox Hy)z xerogel structures, and a
number of techniques were used to characterize these
materials. Overall, the calcination temperature had a
significant impact on the structure of the sol-gel derived
xerogel powders. The xerogels exhibited both high sur-
face area and pore volume at relatively low calcination
temperatures; but after some characteristic calcination
temperature (250◦C) was exceeded, both the surface
area and pore volume decreased with an increase in
temperature. Only very slight changes in the surface
area and pore volume were exhibited when the xero-
gels were calcined at low temperatures (110–200◦C),
where physisorbed water, residual solvent and loosely
bound surface hydroxyl groups were removed from the
xerogel. However, maximums in the surface area and
pore volume (270 m2/g and 0.33 cm3/g) were obtained
at 250◦C, and then they both decreased sharply when
further increasing the calcination temperature up to
600◦C. The XRD study revealed that the xerogels cal-
cined with temperatures below 250◦C remained amor-
phous, and that crystallization started at 250◦C and then
intensified upon further increasing the temperature. At
250◦C, the material began to convert from Ni(OH)2

to NiO, which created numerous pores through the re-
moval of chemisorbed water and tightly bound sur-
face hydroxyl groups; beyond 250◦C, the pores were
eliminated in proportion to the calcination tempera-
ture. TGA exhibited a slight weight loss (about 15% of
the initial mass) during the removal of the physisorbed
species and loosely bound surface hydroxyl groups,
with a sharp increase in the weight loss at and beyond
250◦C. The reactions accompanying these transitions
were highly endothermic at 250◦C because of the de-
composition of Ni(OH)2 to form NiO; but they eventu-
ally became exothermic at higher temperatures because
of structural relaxation that occurred without weight
loss. The unique properties of these Ni(Ox Hy)z xero-
gel powders were attributed to the sol-gel chemistry of
transition metal alkoxides.
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