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NiO with novel flower-like morphology was prepared by using a two-step, template- and surfactant-free,
environmentally friendly method. Flower-like NiO was composed of many irregular nanosheets that were
assembled together by weak interactions. The as-prepared materials were characterized by X-ray diffraction,
thermogravimetric analysis, differential scanning calorimetry, scanning electron microscopy, transmission
electron microscopy with selected area electron diffraction patterns, N2 sorption, temperature-programmed
reduction with CO, X-ray photoelectron spectroscopy (XPS), and in situ Fourier transform infrared (FT-IR)
for CO adsorption. The catalytic behaviors for CO oxidation were studied by using a fixed bed microreactor.
Compared to NiO nanoparticles, we found the flower-like NiO possessed a larger surface area, bimodal pore
size distribution, higher reducibility, and superior catalytic activity for CO oxidation. The XPS and CO in
situ FT-IR results showed that its catalytic property was morphology dependent. The flower-like morphology
provided more coordinate unsaturated Ni atoms, more oxygen vacancies, and more defect sites, which made
the flower-like NiO have a strong interaction with CO and more active sites for catalytic reactions. Further
studies showed that a mild condition for thermodecomposition of the precursor was necessary to preserve the
flower-like morphology because of the large discrepancy of the crystalline cell structures between the �-Ni(OH)2

precursor and product of NiO.

Introduction

Materials in nanoscale have fascinated the scientific com-
munity in the recent years because of their unusual physical
and chemical properties compared to those of their bulk
counterparts. These materials have potential applications such
as catalysts, drug delivery materials, photonic materials, and
battery materials.1-4 The morphology and size of the nanoma-
terial could greatly influence their optical, electronic, magnetic,
and catalytic properties.5-8 Much progress has been made on
the size control and morphology control of nanomaterials.
Various materials with sizes in the range of several nanometers
to micrometers were synthesized,9-12 and a variety of morphol-
ogies have also been fabricated such as nanotubules, nanowires,
nanorings, ordered hexagonal mesostructures, nanorods, etc.13-17

In the current stage, synthesis of large scale self-assembly of
nanoscale building blocks into complex structures has been a
research hotspot. It is expected that if the morphology and
assembly mode of original building units could be controlled,
those of their secondary architecture would be adjusted to meet
different needs.18-21 Therefore, the work on organization and
design synthesis needs to be developed for more novel properties
and applications of nanomaterials.

As a p-type wide band gap semiconductor, NiO is a very
promising material and has attracted increasing attention because
of its extensive important applications as catalysts,22 electrode
materials for lithium ion batteries and fuel cells,23 electrochromic
films,24 electrochemical supercapacitors,25 and magnetic materi-
als.26 To date, many efforts have been attempted to prepare NiO
nanostructures. Zhou and co-workers27 prepared porous NiO
nanomaterials by using mesoporous silicas, SBA-15 and KIT-
6, as hard templates. Zheng and co-workers28 obtained porous
NiO flowers via a hydrothermal approach, and nickel dimeth-
ylglyoximate was used as the precursor. NiO microspheres were
prepared by a hydrothermal route in the presence of poly(eth-
ylene glycol) 4-nonylphenyl 3-sulfopropyl ether potassium salt
(PENS),29 but these methods suffered from the complication of
the synthesis process and time-consuming removal of the hard
and soft templates or organic additives. Therefore, developing
a facile and feasible method to prepare NiO complex structures
is a great challenge to material scientists.

In this study, a convenient two-step route for fabricating NiO
with flower-like morphology was developed without using hard
or soft templates and other organic reagents. This method is
environmentally friendly. The �-Ni(OH)2 precursor was first
prepared by an equilibria-shift route, and then the precursor was
calcined to obtain flower-like NiO. Catalytic activity on CO
oxidation of this NiO was superior to that of conventional
nanoparticulate NiO. The differences for the catalytic properties
of NiO with different morphologies in terms of reducibility,
morphology, surface structure, and the ability of chemical
adsorption were elucidated.
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Experimental Section

2.1. Synthesis Procedures. All chemicals were used as
received without further purification. In a typical experiment,
0.002 mol Ni(CH3COO)2 ·4H2O was dissolved in 20.0 mL of
deionized water in a 50 mL beaker. NH3 ·H2O (6 mol L-1) was
added dropwise under magnetic stirring. A light green precipi-
tate, Ni(OH)2, was formed. NH3 ·H2O was adding continuously,
and the precipitate was dissolved gradually. The color of the
solution became darker, which indicated some of the Ni(OH)2

was converted to the complex of Ni(NH3)6
2+. Finally, all of the

precipitation dissolved, and the pH of the solution was about
10. The color of the solution turned dark blue [Ni(NH3)6

2+].
Twenty milliliters of concentrated sulfuric acid was poured into
another beaker. Both beakers were covered with filter paper and
were placed in a desiccator. Precipitate with a light green color
formed gradually. Twenty-four hours later, the product was
separated by centrifugation, washed three times using deionized
water, and then dried under vacuum at 40 °C. Finally, the
precursor of �-Ni(OH)2 was obtained. The synthesis procedure
is illustrated in Scheme 1.

A determined amount of �-Ni(OH)2 and Ni(CH3COO)2 ·4H2O
(for comparison) were put into crucibles. These two samples
were calcined in a muffle furnace under a nitrogen atmosphere.
The temperature ramp was 1 °C min-1 from 20 to 400 °C, which
was held for 1 h at 400 °C, so the materials in the crucible
decomposed completely. It was then cooled naturally to room
temperature. The NiO samples produced from �-Ni(OH)2 and
Ni(CH3COO)2 ·4H2O were denoted as NiO-H (H for hydroxide)
and NiO-A (A for acetate), respectively.

Another reference sample of NiO was obtained by calcination
of �-Ni(OH)2. The temperature ramp was 15 °C min-1, and the
duration time at 400 °C was prolonged to 2 h, while the other
conditions were kept unchanged. This NiO sample was denoted
as NiO-H15.

2.2. Characterization. X-ray diffraction patterns were ob-
tained on a Shimadzu XD-3A diffractometer using Cu KR
radiation (λ ) 0.15406 nm). The X-ray tube was operated under
35 kV and 15 mA. The scan speed was 4° min-1.

The morphology and particle size of �-Ni(OH)2 and NiO were
studied on a scan electron microscope (SEM, LEO 1530 VP)
and transmission electron microscope (TEM, JEM-100CX) with
selected area electron diffraction (SAED).

Nitrogen adsorption and desorption isotherms were measured
at -196 °C using a Micromeritics ASAP 2020 system. The
samples were degassed for 160 min at 300 °C in the degas port
of the adsorption analyzer. Pore size distributions were calcu-
lated from the analysis of the desorption branch of the isotherm
using the Barrett-Joyner-Halenda (BJH) algorithm. The
specific surface areas of the samples were calculated following
the multipoint BET (Brunauer-Emmett-Teller) procedure.

Thermogravimetric analysis (TGA) and differential scanning
calorimetric (DSC) measurements were performed using a
thermal analysis system (Model STA 409, Netzsch Geraetebau,
Selb, Germany) and N2 as carrier gas (100 mL min-1) at a
heating rate of 10 °C min-1 in a range of 30-500 °C. R-Al2O3

powder was used as reference.
CO-TPR (temperature-programmed reduction with CO) was

carried out in a quartz U-tube reactor, and a 25 mg sample was
used for each measurement. Prior to the reduction, the sample
was pretreated in a N2 stream at 100 °C for 1 h and then cooled
to room temperature. After that, a CO-N2 mixture (2% CO by
volume) was switched on, and the temperature was increased
linearly at a rate of 1 °C min-1. A thermal conductivity cell
was used to detect the CO consumption in the reactant stream.

X-ray photoelectron spectra (XPS) were collected on an
ESCALB MK-II spectrometer with nonmonochromatic Mg KR
radiation (λ ) 1253.6 eV, 300W). During the data processing
of the XPS spectra, binding energy values were calibrated by
the C1s peak (284.6 eV) from the adventitious contamination
layer. A Shirley-type background was subtracted form the
signals, and the peaks were deconvoluted by Gaussian-Lorentz
fitting using XPSPEAK software.

In situ FT-IR spectroscopy of adsorbed CO was carried out
on a Nicolet 5700 FT-IR instrument running at 4 cm-1

resolution. Self-supporting wafers of the NiO samples were
placed inside a commercial controlled environment chamber
(HTC-3). Before the measurements, samples were pretreated
in a high-purity N2 stream at 400 °C for 1 h. After cooling to
room temperature, CO (10.1%) and He (balance) were intro-
duced to the cell, the temperature was increased at a rate of 10
°C min-1, and the spectra were recorded from room temperature
to 400 °C under a high-purity N2 stream.

2.3. Catalytic Activity Test. The catalytic activities of NiO
for a CO + O2 reaction were performed under a steady-state
condition, involving a feed stream with a fixed composition of
CO 1.6%, O2 20.8%,and N2 77.6% by volume, where N2 was
used as diluent. A quartz tube was used as a reactor, and the
requisite quantity of a NiO sample (25 mg for each test) was
used. The sample was pretreated in a N2 stream at 100 °C for
1 h and then heated to reaction temperature. After that, the mixed
gases were switched on. The reaction was carried out with the
same space velocity of 30000 mL g-1 h-1. Two chromatogram
columns anda thermal conduction detector (TCD) were used
for the purpose of analyzing the products. Column A was packed
with 13× molecular sieve (30-60 mesh) for separating O2, N2,
and CO, and column B was packed with Porapak Q for CO2

detection.

3. Results and Discussion

3.1. Mechanism for Synthesis of the Precursor. There are
several equilibria in the Ni(NH3)6

2+ solution as shown in Scheme
1. In the beginning, the Ni(NH3)6

2+ complex ions were very
stable due to the relative high concentration of NH3. Because it
was a closed system, NH3 would volatile from the solution and
be absorbed by sulfuric acid in the other beaker, so equilibrium
1 shifted to the right side and some of the complex ions were

SCHEME 1: Synthesis Procedure of the �-Ni(OH)2

Precursor and Related Reaction Mechanism
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dissociated gradually, so the concentration of nickel ions
increased. The concentration of NH3 decreased due to the
volatilization, and this would make equilibrium 2 shift to the
left side. The equilibrium constant expressions for equilibrium
1 and 2 are

Because the power of NH3 concentration in the expression
of K1 is much higher than that of K2, the concentration decrease
is much more sensitive for equilibrium 1 than for equlibrium
2. Consequently, there is only a slight decrease of OH-

concentration. On the basis of the overall consideration of the
ion concentrations in the solution, the value of [Ni2+][OH-]2

would increase. When this concentration product was greater
than the solubility product of nickel hydroxide under the
experimental conditions, the precursor of �-Ni(OH)2 was
formed.

3.2. Morphology Sudy of Precursor and NiO Samples.
The XRD pattern of the precursor is shown in Figure 1A. All
of the reflection peaks of the XRD pattern could be indexed to
single phase �-Ni(OH)2 with a crystalline hexagonal structure
(JCPDS card 14-0117, a ) 0.3126 nm, and c ) 0.4605 nm).
No impurity peaks are found, suggesting a high purity of
the as-synthesized �-Ni(OH)2. The peaks are widened, and
the intensities of the peaks are very weak, which implies
that the crystalline structure of the precursor is not perfect
and/or the crystalline size is very small. The average

crystalline size estimated by Sherrer’s equation was only 5.98
nm [calculated by the most intense (101) diffraction peak].

The morphology of the precursor was investigated by SEM
and TEM. The SEM micrograph in Figure 1B shows that the
precursor consisted of a flower-like hierarchical structure, and
the size was in the range between 2 and 3 µm. The structure
was comprised of densely packed irregular sheets, with a
thickness of 30-100 nm, which were assembled together. Figure
1C shows the TEM micrograph of the precursor. The flower-
like structure was destroyed by the ultrasonic treatment during
the sample preparation before the TEM test, indicating that the
interaction among sheets was not strong. The sheets presented
a curved shape, and the thickness was 5-30 nm, which was
less than the result obtained from SEM. The reason for this
difference is because there are several layers of sheets assembled
together in a SEM test. The selected area electron diffraction
(SAED) of the precursor is shown in the inset of Figure 1C.
The diffraction rings correspond to the diffractions of (002),
(102), and (201) planes of �-Ni(OH)2, which proves the
multicrystalline nature of the precursor. Furthermore, the dif-
fraction rings were a little blurry, which indicated that the crystal
structure of the precursor was not good enough. These results
are consistent with the XRD results.

The TG-DSC results are shown in Figure 1D, and the total
weight loss was about 19%, which was due to the decomposition
of Ni(OH)2 as in the following equation

The weight loss is consistent with the theoretical value
(19.4%) calculated by this reaction. The result also indirectly
proves that the precursor was Ni(OH)2. There is an endothermic
peak in the DSC curve at about 284 °C, which is relatively
lower than the value reported by Liang’s group,30 indicating

Figure 1. (A) XRD pattern, (B) SEM micrograph, (C) TEM micrograph, and (D) TGA-DSC curves of �-Ni(OH)2 precursor. Inset in panel B is
the SEM micrograph with high magnification. Inset in panel C is the SAED pattern of the precursor.
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that the precursor with flower-like morphology is more easily
themodecomposed. The pyrolysis of the precursor was complete
before 400 °C, so 400 °C was chosen in this study as the
decomposition temperature to obtain NiO.

The product of the thermodecomposition from the �-Ni(OH)2

precursor (denoted as NiO-H) was studied by XRD, SEM, and
TEM (with SAED). Figure 2A shows the XRD patterns of the
products. All of the reflections could be indexed to the face-
centered cubic (fcc) NiO phase. The positions of the corre-
sponding peaks are in good agreement with the reported data
(JCPDS card 71-1179, a ) 0.41780 nm), and no peaks due to
�-Ni(OH)2 are observed by XRD. The XRD pattern of NiO
decomposed from nickel acetate (denoted as NiO-A) is also
shown in Figure 2A, and similar results are obtained as NiO-
H, indicating the �-Ni(OH)2 precursor and nickel acetate are
decomposed completely to NiO under the experiment conditions.
It is noticed that the corresponding peak width of NiO-H is
larger than NiO-A. The average crystalline sizes of the two types
of NiO were calculated by Sherrer’s equation on the basis of
the strongest (200) reflection, and the results is listed in Table
1. The average crystalline size of NiO-H is smaller than NiO-
A.

Figure 2B shows the SEM micrograph of NiO-H, and it could
be observed that the flower-like morphology of the precursor
is preserved after the calcination process. A TEM photo of
NiO-H is presented in Figure 2C, and the sheets structure is
observed clearly. The SAED result in the inset of Figure 2C
gives distinct diffraction rings corresponding to the (200) and
(222) planes of NiO. The size of the sheet is about 6 to 10 nm.
Figure 2 D shows the TEM photo of the comparison sample of
NiO-A, which is composed of nanoparticles. The sizes of the

particles are mostly in the range of 10 nm to 60 nm. The results
measured from TEM micrographs are different from the values
from Sherrer’s equation as shown in Table 1. Because the results
by Sherrer’s equation are average crystallite size and the
morphologies of the two NiO samples are not uniform and the
morphology of NiO-H is not spherical, the discrepancy is
acceptable.

The texture properties were further elucidated by N2 sorption
analysis. The specific surface area of NiO-H was 88.8 m2 g-1,
and the surface area of NiO-A was only 42.1 m2 g-1. Both NiO
samples showed IUPAC type IV isotherms and H3 type
hysteresis. The hysteresis loops appeared nearly p/p0 ) 0.8,
indicating that the pore size was relative large. This is confirmed
by the pore size distribution curve (inset Figure 3). The pore
sizes of these two types of NiO were in a very wide range, and
the peaks of the curves were 26.1 nm for NiO-H and 20.5 nm
for NiO-A. It is noticed that the pore size distribution curve of

Figure 2. (A) XRD patterns of NiO-H and NiO-A. (B) SEM and (C) TEM micrographs of NiO-H. Inset in panel C is SAED pattern of NiO-H.
(D) TEM micrograph of NiO-A.

TABLE 1: Physical Properties of NiO-H and NiO-A

sample
average crystallite

size (nm)
specific surface
area (m2 g-1)

NiO-H 8.45 88.8
NiO-A 20.11 42.1

Figure 3. N2 adsorption and desorption isotherms of NiO-H and NiO-
A. Inset is the corresponding pore size distribution of NiO-H and NiO-
A.
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NiO-H showed a small peak at 2.6 nm, indicating bimodal
porosity in the mesoporous and macroporous regimes for NiO-
H. This type of porosity would provide an efficient transport
pathway for reactants to the interior of the NiO-H, which is
beneficial for catalytic properties.

3.3. Catalytic Properties. Figure 4 shows the catalytic
activities for CO oxidation over the NiO samples with different
morphologies. The corresponding morphologies are also shown
in Figure 4. The catalytic activity of NiO-H is superior to that
for NiO-A. Further investigation proved that the catalytic
property of NiO-H is morphology dependent. Another NiO
sample (denoted as NiO-H15) is prepared by thermodecompo-
sition of the �-Ni(OH)2 precursor, and only the temperature ramp
is changed to 15 °C min-1. The duration at 400 °C is prolonged
to 2 h, and all other conditions are unchanged. The morphology
of this sample is very different from that of NiO-H. The flower-
like structure collapsed to a large extent, and the specific surface
area of NiO-H15 was reduced to 40.0 m2 ·g-1. The catalytic
activity also decreased dramatically. Although the BET surface
area was close to NiO-A, the catalytic activity was much lower.
The CO conversion at 175 °C for NiO-H was 88%, for NiO-A
was 29%, and for NiO-H15 was only 4%. Generally, the
catalysts at nanosize scale and with high surface area should
provide the catalysts with higher activity.31,32 However, surface
area is not the only factor for determining the activity of the
catalyst.33 The NiO-H sample with flower-like morphology
possessed more atoms on edges and corners than the NiO-A
sample, which are the active sites for adsorption of reactants.33-35

Once the flower-like morphology was damaged (like the
situation for NiO-H15), the concentration of these active sites
was reduced remarkably, so the activity of NiO-H15 decreased
accordingly. The reason for the structure collapse of NiO-H15
was due to the great differences in crystalline structure between
precursor �-Ni(OH)2 (hexagonal, a ) 0.3126 nm, c ) 0.4605

nm) and NiO (cubic, a ) 0.41780 nm). During the conversion
process of the precursor, the mild condition would help to
eliminate the stress of the transformation in the structure, and
the fast temperature increase would destroy the structure from
the internal stress. Structure reformation and rearrangement of
surface atoms would evitable occur in the calcination process.
These adjustments would make the surface trend more stable,
so the number of coordinate unsaturated atoms and the atoms
at edges and corners is decreased. Consequently, the CO
adsorption ability reflected by the CO-FTIR was weakened, and
the catalytic activity was decreased, apparently because the
catalytic active sites (always with the coordinate unsaturated
atoms) were reduced dramatically. Therefore, the surface atoms
arrangement in NiO-H15 would differ largely from that of NiO-
H. This difference in surface structure makes NiO-H15 have
many dissimilar properties, which deeply influences its catalytic
properties and CO adsorption capabilities. In summary, the
catalytic activity of NiO is related to morphology, and the mild
condition is necessary in the decomposition process to preserve
the structure of the precursor.

The temperature-programmed reduction (TPR) technique has
been extensively used to characterize the reducibility of the
catalysts. The CO-TPR profiles of the NiO samples are shown
in Figure 5A. In the region between 260 and 380 °C, there is
only a single peak for each NiO sample. The peak temperature
is in the order of NiO-H < NiO-H15 < NiO-A. The correlation
of the activity and the peak temperature of CO-TPR are
presented in Figure 5B. NiO-H shows the highest reducibility
and the best catalytic properties. Generally, the catalyst with
the lower reduction temperature always displays the higher
catalytic properties, but it is not absolute for each instance. There
is a different trend of NiO-H15. The TPR peak temperature of
NiO-H15 was lower than that of NiO-A, but the catalytic activity
of NiO-H15 was the lowest among three NiO samples. Because

Figure 4. Catalytic activities of CO oxidation under different temperatures for NiO-H, NiO-H15, and NiO-A, and the corresponding morphologies
of the samples.
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the TPR test evaluates the bulk redox property of the catalyst
and the catalytic reaction occurs on the surface of the catalyst,
the catalytic activities are more sensitive to their surface
structure. This kind of phenomena was also reported in Zhang’s
works.36 They reported a kind of three-dimensionally ordered
macroporous (3DOM) CuO-CeO2 catalyst and studied the
catalytic properties on the CO oxidation. They used particulate
CuO-CeO2 as a comparison. Although the TPR temperature
of particulate CuO-CeO2 is lower than the 3DOM CuO-CeO2

and their BET surface areas are similar, the catalytic activity
of 3DOM CuO-CeO2 for CO oxidation is higher than the
particulate sample.

Furthermore, the conversion of CO was 100% achieved for
NiO-H, NiO-H15, and NiO-A when the temperature reached
225 °C, but from the TPR profiles, one could find that reduction
of these samples did not occur until the temperature reached
260 °C. This means that the catalytic reaction progresses before

the bulk reduction take place. Therefore, the TPR results can
only be used to evaluate the redox properties of the catalysts.
The catalytic activities on CO oxidation are more sensitive to
the surface structure as well as the morphology of the NiO
samples.

3.4. Surface Composition and Adsorption Properties. To
study the surface compositions and chemical states of the
NiO samples, we conducted XPS studies, and the spectra are
illustrated in Figure 6. Panels A and B of Figure 6 show the
Ni2p core level signal of NiO-H and NiO-A, respectively.
The Ni2p signal could be deconvoluted into five peaks. The
binding energy at 853.7, 855.6, and 861.0 eV are attributed
to the Ni2p3/2 peaks, and the 872.4 and 879.0 eV peaks are
attributed to Ni2p1/2. The positions of the peaks are almost the
same for NiO-H and NiO-A within experimental error. The
Ni2p3/2 peaks are assigned to Ni(II) ions in the NiO samples,
and the positions of the peaks are close to the value of pure

Figure 5. (A) CO-TPR profiles of NiO-H, NiO-H15, and NiO-A. (B) Relationship between the catalytic activities at 175 °C and the TPR peak
temperature for NiO-H, NiO-H15, and NiO-A.

Figure 6. (A) and (C): Ni2p and O1s XPS spectra of NiO-H. (B) and (D): Ni2p and O1s XPS spectra of NiO-A.
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NiO (854.2 eV) with a little shift to the lower binding energy.
The main reason for this shift is due to the oxygen vacancy
existing on the surface. The following results would prove this
speculation. The peak at 855.6 eV is ambiguous. Tomellini37

attributed this peak to Ni3+ species on the NiO surface. Other
researchers38,39 reported that the intensity of this peak increased
with the concentration of the defects. Soriano et al.40 gave
evidence based on the experimental results and theoretical
calculation. They showed that the peak at 853.7 eV was due to
NiO6 in octahedral symmetry (bulk), and the peak at 855.6 eV
was attributed to NiO5 (or Ni2+, even with a lower coordinate
number) in pyramidal symmetry. It was the surface effect
causing the emergence of this so-called nonlocal satellite peak.
For NiO-H and NiO-A samples, there are many Ni atoms on
the surface because of the irregular morphology (for NiO-H)
and nanosize nature (both for NiO-H and NiO-A). Many
coordinate unsaturated atoms exit in these NiO samples. The
ratio of the area of the peak at 855.6 eV versus the total area of
the Ni2p3/2 peaks would be an indication to some extent of the
amount of Ni atoms in coordinate unsaturated sites. The results
are listed in Table 2. The ratio for NiO-H (34.2%) was higher
than that of NiO-A (33.5%), indicating that the flower-like
morphology had more unsaturated Ni atoms. The O1s spectra
of NiO-H and NiO-A are displayed in panels C and D of Figure
6, respectively. The O1s peaks are also deconvoluted, and there
is a distinct peak at 529.1 eV and a shoulder peak at 530.9 eV.
The shoulder peak has been proposed for the defect sites within
the oxide crystal,41,42 adsorbed oxygen,43 or hydroxide species.44

Here, we attribute the peak to the existence of defect sites on
the NiO surface as shown in Table 2. The ratio of the peak at
530.9 eV versus the total O1s peaks for NiO-H was 27.1% for
NiO-H and for NiO-A was only 21.9%, indicating that there
were more surface defect sites on the NiO-H sample. The atomic
ratio calculated by XPS results was 1.29 for NiO-H and 1.23
for NiO-A. The results show that there were more oxygen
vacancies existing on the surface of NiO-H, and the lack of

highly electronegative oxygen atoms would lower the binding
energy of Ni. This result is in good agreement with the Ni2p
XPS results. More oxygen vacancies and more coordinate
unsaturated sites existing on the surface of NiO-H gave NiO-H
more intrinsic advantages in many aspects. These results could
explain the easier reduction and higher activity of the NiO-H
sample.

CO has been extensively used as a probe molecule in IR
studies.45-47 The investigations are conducted in this study using
CO in situ FT-IR to study the chemical adsoption properties of
NiO with different morphologies. The results are illustrated in
Figure 7. Four bands at 2057, 2092, 2117, and 2175 cm-1 are
observed. The band at 2175 cm-1 is ascribed to CO coordinated
to Ni2+ ions and forming a semilayer on the (100) faces of NiO
crystallites. Two low-intensity bands, 2117 and 2092 cm-1, are
attributed to Ni2+-CO or Ni2+(CO)2 complexes, respectively.
The band at 2057 cm-1 is typical of carbonyls on metallic nickel,
which is formed by the CO reduction of NiO under experimental
conditions.48-54 In particular, several studies described the
interactions of CO with coordinate unsaturated Ni2+ ions on
the surface of vacuum-cleaved single-crystal oxides (or thin
films grown on metal)55 or on high surface area oxides.56 It is
widely accepted that CO binds to Ni2+ ions by a σ bond with
electrostatic interaction. Calculations have shown that the
π-back-donation in the Ni2+-CO bond was negligible.57 Gener-
ally, the Ni2+-CO species is easily decomposed upon evacuation
at room temperature and is often observed at low temperature
only. An exception is given with Ni2+-exchanged zeolites, where
the carbonyls are stable at room temperature and disappear only
upon outgassing at 100 °C.58,59 In this case, the appearance of
bands around 2220 cm-1 has been explained by considering
the combination of a high number of coordinative vacancies
and the high electrophilicity of the cations, which implies that
CO is strongly electrostatically bonded. Similar results are
obtained for our NiO samples. The bands are also stable under
room temperature and even under higher temperature for NiO-

Figure 7. CO in situ FT-IR spectra under different temperatures: (A) NiO-H, (B) NiO-H15, and (C) NiO-A.

TABLE 2: XPS Results of NiO-H and NiO-A

binding energy

sample Ni2p3/2 (eV) Ni2p1/2 (eV) O1s (eV)

area ratio
(B.E. ) 855.6 eV)/

total Ni2p3/2 (%)

area ratio
(B.E. ) 531 eV)/

total O1s (%)

surface atom
ratio (Ni:O)

NiO-H 853.7, 855.6 872.4 529.1 34.2 27.1 1.29
NiO-A 853.6, 855.5 872.2 529.0 33.5 21.9 1.23
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H. The stability is also due to the existence of abundant
coordinate unsaturated sites existing on the samples. When the
temperature is increased, these bands are reduced for all of the
NiO samples, which suggest that the adsorption of CO is
weakened. It is noticeable that the 2092, 2117, and 2175 cm-1

bands for NiO-H could be identified until the temperature
reached 150 °C. These bands nearly disappeared at 100 and
150 °C for the NiO-A and NiO-H15 samples, respectively.
Considering the relatively low activities of the NiO samples
under 150 °C, we find the intensity reduction for the carbonyl
Ni2+ bands must be due to the desorption process of CO, which
indicates that the adsorption ability of NiO-H is higher than
that of the other two NiO samples. As one knows, it is a key
step that the reactants should be adsorbed onto the surface of
the catalysts so the subsequent steps can take place, and enough
energy is needed to trigger the following reaction. If the
adsorption strength is too weak, the reactants will desorb before
the subsequent reactions take place, and consequently, the
activity will be low. Surely the CO adsorption could not be too
strong, otherwise, the active sites would be held by CO
molecules, which would prevent the oxygen adsoption-disso-
ciation process from taking place. Therefore, the “proper”
strength of CO adsorption is favorable in the CO oxidation as
in the instance of NiO-H. Because most surface coordinate
unsaturated sites and most oxygen vacancies as well as structure
defects exist on NiO-H, the NiO-H sample has the proper
strength interaction with CO molecules that is favored for the
CO oxidation reactions, so it has the highest activity. This is
consistent with the XPS and CO TPR results.

Conclusion

In summary, NiO with novel flower-like morphology was
prepared via a two-step, template- and surfactant-free, environ-
mentally friendly method. Flower-like NiO was composed of
many irregular nanosheets that were assembled together by weak
interactions. The flower-like morphology provides many special
properties, including higher reducibility, larger specific surface
area, and bimodal pore size distribution. The catalytic activity
of the flower-like NiO on CO oxidation shows a morphology-
dependent nature. The flower-like morphology gives more
coordinate unsaturated Ni atoms, more oxygen vacancies, and
more defect sites on the surface of NiO, which makes flower-
like NiO have a strong interaction with CO. Because the
crystalline structures between the �-Ni(OH)2 precursor and NiO
product were greatly different, mild conditions in thermode-
composition of the precursor are necessary to preserve the
flower-like morphology.
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