
Nickel Hydroxide Nanosheets Prepared by a Direct Manual Grinding
Strategy for High-Efficiency Catalytic Combustion of Methane
Kun Chen, Wenzhi Li,* Ge Guo, Chen Zhu, Wenjian Wu, and Liang Yuan

Cite This: ACS Omega 2022, 7, 8536−8546 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Nickel hydroxide nanosheets were prepared by a
very simple direct manual grinding strategy and then calcined at
200, 300, 400, and 500°. The synthesized samples were tested in
lean methane (1.0% CH4, air balanced) catalytic combustion and
subjected to a series of physical and chemical characterizations.
The sample calcined at 200 °C (Ni(OH)2-200) presented a typical
nanosheet structure and the best methane catalytic activity in all
the samples, which can completely catalyze methane at 400 °C.
The crystal structure changed from β-Ni(OH)2 to NiO at a
calcination temperature of 300 °C. The β-Ni(OH)2 nanosheets
began to partially agglomerate into nanoparticles at 400 °C and
almost transformed into nanoparticles at 500 °C. Interestingly, the
original nanosheet samples Ni(OH)2-200 and NiO-300 still maintained their morphology and structure although they all went
through an activity test at 500 °C in a 1.0% CH4 atmosphere, which proves that the calcination of nanosheets in a CH4 atmosphere
tended to maintain their nanosheet morphology compared with calcination in the air. Furthermore, through the activity test, X-ray
photoelectron spectroscopy results, TPx, and in situ DRIFTS characterization, it was proved that the hydroxyl groups on the
Ni(OH)2-200 and NiO nanosheets were beneficial to the dissociation of methane on the catalyst surface, and the nanosheet
structure was also prone to generating more active adsorbed oxygen, so the activation energy of methane was lowered. A methane
catalytic mechanism on the Ni(OH)2 nanosheets and NiO nanoparticles was proposed, which further proved the key role of
hydroxyl groups in methane combustion.

1. INTRODUCTION
Methane has been increasingly exploited as a substitute for
conventional fossil fuels due to its abundant reserves and high
economic benefits since the shale revolution.1−5 The engines
of vehicles using natural gas or liquefied petroleum gas usually
perform combustions of methane at a relatively low temper-
ature (<600 °C), and the greenhouse effect caused by the
released unburned methane is on average 28 times more
powerful than CO2.

6,7 As countries around the world
promulgate more stringent emission legislation, it is urgent
to find a method capable of lean methane combustion with
high efficiency and low cost.1,8−16 The catalytic combustion of
methane is considered to be a methane treatment method with
great potential, which can efficiently convert methane into
harmless water and CO2 at a lower temperature in the presence
of a suitable catalyst, while suppressing the production of
harmful air pollutants (such as NOx, CO, and SOx).

3,10,17−28

Noble metal (Pd, Pt, Ru, Rh, Au, etc.)-supported catalysts
are generally used for CH4 elimination and Pd-supported
catalysts have been reported to be highly active12,16−18,22,29−34

mainly because of their ability to break the C−H bond with
high binding energy in CH4 under a relatively low energy
barrier.5,18,22,32,35−38 Although noble metal-supported catalysts
have high efficiency, their high price, limited source, sintering

issue, and poisoning tendency limit their large-scale
application.3,10,15,39,40 Accordingly, the development of alter-
native catalysts based on non-noble metals is attractive, and
single metal oxide-based catalysts such as MnOx, Co3O4, CuO,
Fe2O3, NiO, and perovskite have been found to be highly
active for methane combustion.13,21,24,41−49 NiO, a p-type
semiconductor, is of particular interest because of its unique
chemical properties, high thermal stability, and low prices.50−59

Recently, NiO nanomaterials with different morphologies, such
as nanosheets,50,55,57,60−62 nanoparticles,56,63−65 nanorods,54,66

and honeycomb-like67 nanostructures, have been reported
successively and applied as catalysts, battery electrodes, and
capacitors.68 However, there are not many reports about the
application of NiO catalysts in methane catalytic combustion.
Ye et al. synthesized polymorphous NiO nanomaterials by a
one-pot thermal decomposition approach.69 They pointed out
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that NiO nanoparticle-based sheets showed the highest
methane combustion activity and converted all lean methane
at 450 °C owing to their small crystal size and large specific
surface areas. Yu et al. prepared NiO nanosheets by the
traditional NaOH liquid phase precipitation method, and the
NiO nanosheets completely oxidized methane at 500 °C.70

They found that the formation of Ni3+ cations was harmful to
the catalytic activity. NiO nanoparticles prepared with ethylene
glycol as a soft template were also applied in methane
combustion and catalyzed methane at 440 °C.71 The
abovementioned studies proved the positive performance of
NiO in methane catalytic combustion, but there are still several
problems remaining: (i) harmful organic reagents were used in
the preparation of NiO, and the preparation process was
relatively complicated. How to develop a more environ-
mentally friendly preparation method is still a challenge; (ii)
the mechanism of the methane catalytic combustion on the
NiO surface has scarcely been proposed; and (iii) the changes
in the morphology of NiO during the calcination and the
catalysis process were rarely mentioned.

Regarding the abovementioned problems, we propose a very
simple mechanical grinding method to prepare NiO nano-
sheets. The sodium hydroxide and nickel nitrate hexahydrate
crystals were, respectively, ground uniformly and then mixed to
obtain β-Ni(OH)2 sheets. The β-Ni(OH)2 was calcined at a
suitable temperature to obtain NiO nanosheets. Compared
with other preparation methods, only two chemical reagents
were used in the mechanical grinding method, and the
production of waste water was avoided, so the preparation was
more environmentally friendly and cost-effective. The changes
in the morphology of β-Ni(OH)2 and NiO during the
calcination and the catalysis process were characterized in
detail by X-ray diffraction (XRD), Brunauer−Emmett−Teller
(BET), scanning electron microscopy (SEM), high-resolution
transmission electron microscopy (HRTEM), X-ray photo-
electron spectroscopy (XPS), and TPx techniques. Further-
more, we proposed the reaction mechanism of the methane
catalytic combustion on the NiO nanosheet surface through in
situ DRIFTS.

Scheme 1. Schematic Illustration of the Sample Synthesis Processa

aWhite: hydrogen atom, red: oxygen atom, and blue: nickel atom.

Figure 1. SEM, TEM, and HRTEM characterization of all the samples: (a1−a3) Ni(OH)2, (b1−b3) Ni(OH)2-200, (c1−c3) NiO-300, (d1−d3)
NiO-400, and (e1−e3) NiO-500.
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2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. β-Ni(OH)2, the precursor of
Ni(OH)2 and NiO nanosheets, was prepared by a simple direct
manual grinding. Typically, 10 mmol Ni(NO3)2·6H2O and 20
mmol NaOH were mechanically ground in an agate mortar to
achieve uniformity, then they were mixed together and ground
for another 30 min until a green paste-like β-Ni(OH)2 was
formed. Afterward, the product was washed with deionized
water and centrifuged three times. The β-Ni(OH)2 was finally
dried in an oven at 60 °C for 24 h and is labeled as Ni(OH)2 in
the discussion that follows.
The as-synthesized precursor β-Ni(OH)2 was calcined in air

at 200, 300, 400, and 500 °C for 2 h, respectively, using a ramp
of 5 °C min−1 to obtain the final catalysts. According to the
difference of the calcination temperature and the crystal phase,
these catalysts are labeled as Ni(OH)2-200, NiO-300, NiO-
400, NiO-500, respectively. The schematic illustration of the
synthesis process is presented in Scheme 1, including the front
view and top view of sample Ni(OH)2-200. From the front
view of sample Ni(OH)2-200, it can be seen that it presented a
typical layered structure.
2.2. Characterization of Catalysts. Characterizations

such as XRD, SEM, TEM, TPx, BET, XPS, and in situ DRIFTS
were used to characterize the physical and chemical properties
of the samples. The detailed experimental parameters are
shown in the Supporting Information.
2.3. Measurement of Methane Combustion Activity.

20 mg of each sample was used as the reaction catalyst, and the
inlet gas (1.0% CH4, air balanced) was maintained at 10 mL

min−1 (10 sccm) using a mass flow controller. The gas weight
hourly space velocity was 30,000 mL h−1 g−1. The detailed
parameters are shown in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Morphological Structures of the Samples. The

SEM, TEM, and HRTEM characterization of all the samples is
shown in Figure 1. It can be seen from Figure 1(a1) that the
precursor prepared by the mechanical grinding method
presents a relatively regular nanosheet structure. After
calcination at 200 °C, Ni(OH)2-200 still exhibited a nanosheet
structure, but the arrangement became more disordered. The
lattice spacing on the surface of these two samples was 0.18
and 0.21 nm, corresponding to the (1 0 0) and (1 0 1) crystal
planes of β-Ni(OH)2 (JCPDS PDF # 14-0117),72 respectively.
As the calcination temperature increased to 300 °C, NiO-300
still presented a disordered nanosheet structure, but it can be
seen from Figure 1(c2) that some nanosheets began to
aggregate. The lattice spacing was 0.21 and 0.24 nm,
corresponding to the (1 1 1) and (2 0 0) crystal planes of
NiO (JCPDS PDF # 44-1159),73 respectively, indicating that
the sample converted to NiO under the calcination at 300 °C.
When the calcination temperature was further increased, NiO-
400 gathered and partially converted into nanoparticles, while
NiO-500 was basically NiO nanoparticles.
The stability test results of Ni(OH)2-200 at 400 °C for 50 h

are shown in Figure S1, which shows that the catalyst
presented good stability. The SEM images of the used samples
are shown in Figure S2. Interestingly, the original nanosheet
samples Ni(OH)2-200 and NiO-300 still maintained their

Figure 2. (a) Lean methane (1.0% CH4 in air, 30 000 mL h−1 g−1 gas weight hourly space velocity) combustion activity on the samples prepared.
(b) Apparent activation energies (Ea) calculated from the Arrhenius formula. The XRD patterns of the (c) fresh samples and the (d) used samples.
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morphology and structure although they all went through the
calcination process at 500 °C in a 1.0% CH4 atmosphere. The
samples NiO-400 and NiO-500, composed of nanosheets and
nanoparticles, were more inclined to agglomerate and
completely transform into nanoparticles. These results prove
that the calcination of NiO nanosheets in a CH4 atmosphere
tended to maintain their nanosheet morphology compared
with calcination in the air.
3.2. Activity Determination and Physical Character-

izations. The catalyst activity test results are shown in Figure
2. Figure 2a shows the curve of methane conversion with
temperature on the four samples. Figure 2b shows the apparent
activation energies (Ea) which were calculated from the
Arrhenius formula: k = A·exp(−Ea/RT) in the category of
reaction kinetics.74,75 The complete methane conversion
temperatures of the four samples Ni(OH)2-200, NiO-300,
NiO-400, and NiO-500 were 400, 415, 425, and 475 °C,
respectively. With the increase in the calcination temperature,
the activity of the catalyst gradually decreased, and when the
calcination temperature reached 500 °C, the activity decreased
more obviously. When one considers the SEM and HRTEM
characterization results, it is not difficult to find that the
morphology had an important effect on the catalytic activity,
and the activity of nanosheets was significantly higher than that
of NiO nanoparticles. When the nanosheets were completely

converted into nanoparticles, the catalytic activity was
significantly reduced. The sample Ni(OH)2-200 was highly
active in non-noble metal methane combustion (activity results
from other research are shown in Table S1). It can also be
clearly seen from Figure 2b that the activation energies of
samples Ni(OH)2-200 (57.3 kJ/mol) and NiO-300 (53.0 kJ/
mol) with the nanosheet morphology were almost the same.
The apparent activation energy of NiO-400 (86.5 kJ/mol)
increased to a certain extent, and when the nanosheets were
completely converted into nanoparticles, the apparent
activation energy of NiO-500 (141.5 kJ/mol) was the highest.
The results indicate that there was a close correlation between
the methane catalytic combustion activity and the morphology
of the catalysts, and the catalytic activity of the Ni(OH)2 and
NiO nanosheets was higher than that of the NiO nanoparticles.
The XRD patterns of the fresh and used samples are shown

in Figure 2c. The crystallite sizes perpendicular to the specific
crystal planes are shown in Table 1. The results show that the
Ni(OH)2 prepared after mechanical grinding presented the
crystal structure of β-Ni(OH)2 (JCPDS PDF # 14-0117), and
the calcination at 200 °C made no obvious effect on the crystal
structure of the sample. The prominent diffraction peaks
located at 19.3°, 33.1°, and 38.5° corresponded to the (0 0 1),
(1 0 0), and (1 0 1) planes, respectively. For these two
samples, it can be seen from Table 1 that the crystallite sizes

Table 1. XRD Analysis Data, Physical Properties, and Activity Results of Catalysts

samples 2θ (deg) (hkl) Da/nm SBET (m2/g) Vpores
b(cm3/g) T100 (°C)

Ni(OH)x 19.3, 33.1, 38.5 (001), (100), (101) 2.50, 12.90, 4.20
Ni(OH)x-200 19.3, 33.1, 38.5 (001), (100), (101) 2.90, 14.20, 6.10 156.0 0.24 400 °C
NiO-300 37.2, 43.3, 62.9 (101), (012), (110) 7.10, 7.60, 12.60 157.7 0.26 415 °C
NiO-400 37.2, 43.3, 62.9 (101), (012), (110) 9.90, 9.20, 10.10 93.4 0.18 425 °C
NiO-500 37.2, 43.3, 62.9 (101), (012), (110) 25.40, 26.30, 27.00 13.8 0.10 475 °C

aCrystallite sizes of the samples calculated by the Scherrer equation (D = Kλ/(β cos θ)). bVolume of pores calculated by the Barrett−Joyner−
Halenda method.

Figure 3. (a) N2 adsorption−desorption isotherms and the (b) corresponding pore size distribution of the samples.
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perpendicular to the (0 0 1) crystal plane were 2.50 and 2.90
nm, which were significantly lower than those perpendicular to
the other two crystal planes. This explains, to a certain extent,
its unique sheet structure. As the calcination temperature
further increased to 300 °C and above, the samples all showed
the typical crystal structure of NiO (JCPDS PDF # 44-1159),
which proved that β-Ni(OH)2 was converted into NiO
between the calcination temperature of 200−300 °C. The
prominent peaks located at 37.2°, 43.3°, and 62.9°
corresponded to the (1 0 1), (0 1 2), and (1 1 0) crystal
planes, respectively. The crystallinity of the samples gradually
increased and the crystallite sizes perpendicular to the three
prominent crystal planes tended to be larger and uniform
(25.40, 26.30, and 27.00 nm for NiO-500), indicating that the
NiO nanosheets transformed into NiO nanoparticles with the
increasing temperature. The results are consistent with the
abovementioned SEM and TEM characterizations.
The XRD spectra of the used samples are shown in Figure

2d. It is interesting to note that the crystallinity of the used
samples was significantly different, although all the samples
were calcined at 500 °C in a 1.0% CH4 atmosphere. The
crystallinity of NiO-200U and NiO-300U was obviously lower
than that of NiO-500U. Combined with the SEM and TEM
characterization, the results indicate that if the NiO nanosheets
were directly calcined at 500 °C in the air, they would be
transformed into more stable NiO nanoparticles with lower
surface energy; if the Ni(OH)2-200 nanosheets were calcined
in a 1.0% CH4 atmosphere at 500 °C, they tended to maintain
the original morphology due to the continuous CH4
adsorption and CO2 desorption on the surface of the
nanosheets. The results explain why the crystallinity of NiO-
200U and NiO-300U is lower than that of NiO-500U. As for
NiO-400, calcination at 500 °C in a 1.0% CH4 atmosphere
improved its crystallinity because of its inherently mixed
nanoparticles and nanosheets. The particle size distributions of
the samples NiO-500 and NiO-500U are shown in Figure S3.
The average particle size of the catalyst NiO-500 increased

significantly after the stability test, from 42.1 to 72.5 nm, and
the particle size distribution became more uneven.
Figure 3 shows the N2 adsorption−desorption isotherms and

the corresponding pore size distribution of the samples. The
curves of Ni(OH)2-200, NiO-300, and NiO-400 were type IV
isotherms with an H3 hysteresis loop, and the three samples
presented the mesoporous structure.76,77 It indicates that there
were slit-like holes formed by the cross-linking of nanosheets in
the samples. The Ni(OH)2-200 and NiO-300 samples with a
nanosheet structure had almost the same specific surface area
and pore volume (shown in Table 1), and both were higher
than the NiO-400 sample with the hybrid of nanoparticles and
nanosheets. Differently, the curve of NiO-500 was closer to a
type IV isotherm with an H4 hysteresis loop. In combination
with the pore size distribution, it can be seen that the H4
hysteresis loop represented the existence of macropores in the
sample.78 These macropores were considered to be gaps
between NiO nanoparticles because there was basically no
nanosheet structure but nanoparticles in the sample NiO-500.
The specific surface area and pore volume of NiO-500 (shown
in Table 1) were the lowest among the four samples, thereby
reducing its methane catalytic activity.

3.3. Chemical Properties and Possible Reaction
Mechanism. The XPS results are shown in Figure 4, which
characterizes the chemical valence states of Ni and O on the
surface. It can be seen from the Ni 2p spectra (Figure 4a) that
there were two valence states of Ni on the surface of the
sample, namely Ni2+ and Ni3+.71 For samples NiO-300, NiO-
400, and NiO-500 with a NiO crystal form, the presence of
Ni3+ did not mean the presence of the Ni2O3 crystal phase.
NiO is a p-type semiconductor and will form Ni2+ defects,
therefore two contiguous Ni2+ will lose an extra electron to
form Ni3+ in order to maintain a charge balance. A split peak in
the interval 852.0−858.0 eV was not shown in the Ni 2p
spectra of Ni(OH)2-200, which differed from the other three
samples and further demonstrated its Ni(OH)2 structure. Our
previous work pointed out that Ni2+ might be responsible for

Figure 4. XPS results of (a) Ni 2p and (b) O 1s spectra of all the samples.
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the enhanced methane activity instead of Ni3+,72 so we
calculated the content of Ni2+ and Ni3+ in each sample, and the
proportions are recorded in Table 2. The Ni2+/Ni3+ ratios of
samples NiO-300, NiO-400, and NiO-500 were very close, so
the different valence states of Ni should not be the cause of the
difference in the methane catalytic activity.
The O 1s spectra of all the samples are shown in Figure 4b,

and each line can be deconvoluted into three peaks at ∼529.4,
∼531.0, and ∼532.6 eV, corresponding to surface lattice
oxygen (Olatt), adsorbed oxygen (Oads), and surface hydroxyl
groups (OOH), respectively.

79 The quantitative results of the O
content and the ratio are listed in Table 2. The surface O
species of sample Ni(OH)2-200 were mainly composed of
hydroxyl groups (0.86), and there was also a small amount of
adsorbed oxygen on the surface (0.14), which demonstrated its
Ni(OH)2 structure. Generally speaking, the adsorbed oxygen
and hydroxyl groups on the surface of catalysts are positively
correlated with the catalytic activity in methane combustion.
Therefore, the sum of the two active oxygen is also counted in
Table 2, where the values of NiO-300, NiO-400, and NiO-500
are 0.51, 0.45, and 0.39, respectively. This result corresponded
to their catalytic performance. The lower the content of

hydroxyl groups and adsorbed oxygen, the worse the
corresponding catalytic activity. Furthermore, as the calcina-
tion temperature increased, the adsorbed oxygen and hydroxyl
group content on the catalyst surface gradually decreased.
When the calcination temperature reached 400 °C, the
hydroxyl group content only decreased by 0.02, but when
the calcination temperature reached 500 °C, the content
decreased by 0.05. Based on the morphology of the samples,
the results indicate that the hydroxyl group content of the
sample was related to the morphology. More hydroxyl groups
were easily exposed on the surface of the Ni(OH)2 and NiO
nanosheets. As the calcination temperature increased, the
nanosheets gradually transformed into nanoparticles, and the
hydroxyl group content on the surface decreased more
obviously, reducing their methane catalytic activity.
To explore the redox properties of the samples, H2-TPR and

O2-TPD characterizations were used, and the results are shown
in Figure 5. It can be seen from Figure 5a that the reduction
peak of Ni(OH)2-200 is located at an obviously lower
temperature than other samples. The peak at 208 °C might
be attributed to the reduction of active oxygen species
adsorbed on the surface, while the broad peak at 289 °C

Table 2. XPS Result Analysis of the Samples

O 1s

Olatt Oads OOH Ni 2p

samples BE (eV) at. BE (eV) at. BE (eV) at. (Oads + OOH)/Osum
a Ni2+ Ni3+ Ni2+/Ni3+

Ni(OH)2-200 530.9 0.14 532.7 0.86 1.00 861.1 855.6 0.97
NiO-300 529.3 0.49 530.9 0.31 532.5 0.20 0.51 861.0, 853.8 855.5 2.03
NiO-400 529.4 0.55 531.0 0.27 532.5 0.18 0.45 861.1, 853.9 855.7 2.07
NiO-500 529.4 0.61 531.0 0.26 532.7 0.13 0.39 861.0, 853.8 855.6 2.10

aOsum refers to the accumulation of Olatt, Oads, and OOH areas.

Figure 5. (a) H2-TPR and (b) O2-TPD results of all the samples.
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corresponded to the reduction peaks of Ni3+ and Ni2+ in the
sample. For the other three samples, each curve could be
deconvoluted into two peaks, located at about 260 °C and 350
°C, which were attributed to two steps: the reduction of Ni3+

to Ni2+ and the further reduction of Ni2+ to metallic Ni0.70,72

The results show that the nickel hydroxide nanosheets
presented stronger redox properties than the other samples,
and there were more absorbed active oxygen sites on the
surface, which is consistent with the XPS results.
The O2-TPD results are shown in Figure 1b, and the main

oxygen desorption peaks are marked. As the calcination
temperature increased, the main oxygen desorption peak
gradually moved to the right. It can be speculated that the
properties of adsorbed oxygen corresponding to these peaks
were different. For Ni(OH)2-200, the oxygen desorption peak
located at 173 °C indicated that the oxygen was mainly in the
form of surface-adsorbed oxygen.80 The oxygen desorption
peaks at 280, 340, and 500 °C corresponded to the desorption
of lattice oxygen.6 These results indicate that the double-
layered structure of Ni(OH)2-200 exposed more adsorbed
active oxygen sites, which was conducive to methane catalytic
combustion.
In order to reveal the reaction mechanism of methane

catalytic combustion, the in situ DRIFT spectra of methane
catalytic combustion on Ni(OH)2-200 and NiO-500 are
obtained and shown in Figure 6 because Ni(OH)2-200
presented a representative nanosheet structure and NiO-500
presented a nanoparticle structure. The positions of some
characteristic bands are shown in Table S2 and some bands in
Figure 6a,b are located at almost the same positions. The band
at 3015 cm−1 is a typical vibration of gaseous methane, and the
doublet bands at 2382 cm−1 and 2311 cm−1 are typical peaks
of carbon dioxide.6 The intensity of the band at 3015 cm−1

decreased gradually as the temperature rose, while the bands
assigned to CO2 became significant, indicating that methane
has almost converted to CO2 on the two samples. For sample
Ni(OH)2-200, the band at 3015 cm−1 disappeared completely
at 400 °C (Figure 6a), and the band for sample NiO-500
basically disappeared at 450 °C (Figure 6b). The results
maintain a high consistency with the activity test results.
The in situ DRIFT results were further studied, and some

differences were found between the two samples. For sample
Ni(OH)2-200, when the temperature reached 300 °C, there
was an obvious inverted band at 3678 cm−1, which indicates

that the hydroxyl groups in the sample were beginning to be
consumed, and the catalyst was changed from Ni(OH)2 to
NiO in the methane atmosphere. In the temperature range of
100−250 °C, the bands at 1563 and 1484 cm−1 gradually
increased in intensity. The band at 1563 cm−1 can be
considered as νas(COO−), while the band at 1484 cm−1

corresponded to the δas (CH3) in methyl groups. It indicates
that in this temperature range, methane can be adsorbed on
the surface of Ni(OH)2-200 through the interaction between
methane and Ni−OH groups and be initially activated to
achieve the rupture of the first C−H bond, which means that
Ni(OH)2 was also efficient in the adsorption and activation of
methane. In addition, the band at 1241 cm−1 corresponding to
the vibration of the C−O bond in alcohols and the band at
1701 cm−1 assigned to CO bonds in aldehydes began to
appear and the intensity gradually increased in the temperature
range of 100−250 °C, afterward gradually weakened and
disappeared when the temperature further rose, indicating that
aldehydes and alcohols may be intermediate products. As the
temperature rose above 250 °C, the band at 3799 cm−1

became significant. We speculate that it may be caused by
the free hydroxyl groups during the decomposition of
Ni(OH)2 into NiO. The band at 1750 cm−1 corresponded
to the vibration of the CO bonds in formic acid. The
intensity of the band gradually increased at a temperature
higher than 250 °C, indicating that formic acid was also an
intermediate product and may eventually be completely
converted to carbon dioxide. The DRIFT results prove that
the presence of Ni−OH in Ni(OH)2-200 was beneficial to the
dissociation of the first C−H bond in methane, and the process
is well accepted to be the rate-determining step in the catalytic
combustion of methane. Therefore, the presence of hydroxyl
groups was also one of the reasons why Ni(OH)2-200
presented the best catalytic activity among the four samples.
As the reaction temperature increased, Ni(OH)2-200 was
gradually decomposed into NiO, and lattice oxygen and
adsorbed oxygen were also supplemented, promoting the
further oxidation of oxygen-containing intermediates.
In the in situ DRIFT spectrum of sample NiO-500, the

bands at 1413 and 1365 cm−1 corresponded to the δas (CH3)
and δs (CH3) of the methyl groups, respectively. When the
temperature was increased from 250 to 300 °C, the intensities
of these two bands increased significantly, indicating that a
higher temperature was required to break the first C−H bond

Figure 6. In situ DRIFT spectra for catalytic methane oxidation reactions using (a) Ni(OH)2-200 and (b) NiO-500.
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in methane on the surface of NiO-500. The bands located at
1390, 1592, and 1726 cm−1 corresponded to the νs(COO

−),
νas(COO

−), and the vibration of the CO bonds in formic
acid, respectively. The intensities gradually increased with
increasing temperature, but when the temperature increased
above 300 °C, there was no obvious weakening of these bands,
which proves that the desorption of intermediate products on
the surface of NiO-500 was more difficult, further affecting its
methane catalytic activity. In general, the higher temperature
required for the dissociation of methane and the more difficult
desorption of intermediate products should be the main
reasons for the poor catalytic activity of NiO-500. Combined
with the characterization results of XPS, it can be speculated
that the hydroxyl groups also play an important role in the
dissociation process of methane.

4. CONCLUSIONS
Ni(OH)2-200 were prepared by a very simple manual grinding
method and presented a typical nanosheet structure, which can
completely catalyze methane at 400 °C. The crystal structure
of the sample changed from Ni(OH)2 to NiO at 300 °C. The
nanosheet structure began to partially agglomerate into
nanoparticles at 400 °C and almost transformed into
nanoparticles at 500 °C. Interestingly, Ni(OH)2-200 and
NiO-300 still maintained their morphology and structure
although they all went through the activity test at 500 °C in a
1.0% CH4 atmosphere, which proves that the calcination of
NiO nanosheets in a CH4 atmosphere tended to maintain their
nanosheet morphology compared to calcination in the air. It is
proved that the more adsorbed oxygen and hydroxyl groups on
the surface of Ni(OH)2-200 were beneficial to the dissociation
of methane on the catalyst, and the activation energy of
methane was lowered. The methane catalytic mechanism on
the surface of Ni(OH)2 nanosheets and NiO nanoparticles was
proposed, which further proved the key role of hydroxyl groups
in methane combustion.
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