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Powders of single-crystalling-nickel hydroxide g-Ni(OH),) nanosheets with the hexagonal structure have
been successfully synthesized by the hydrothermal method &208ing nickel acetate as the nickel source
and aqueous ammonia as both an alkaline and complexing reagent. The yjelNg§©OH), nanosheet powders

were higher than 92.4%. This method is simple and low-cost for large-scale production of powders of single-
crystalline 8-Ni(OH), nanosheets. Single-crystalline nickel oxide (NiO) nanosheets have been synthesized
by thermal decomposition method at 400 for 2 h using single-crystalling-Ni(OH), nanosheets as the
precursor. The sheet shapefNi(OH), was sustained after thermal decomposition to NiO. The as-prepared
products were characterized by X-ray powder diffraction (XRD), transmission electron microscopy (TEM),
differential scanning calorimetric analysis (DSC), and thermogravimetric analysis (TG).

Introduction electrodes’18Therefore, to explore new synthesis methods for
In the past decade, one-dimensional (1-D) nanostructures SUCh’;l;gtiEanosgsfrf ar\:\(lzlg sf"']l% Ict)i rnlf r\]'(\;wellgg“gatt'ﬁgfe %ra;mbpégxen o
as nanorods, nanowires, and nanotubes have been intensivelye ort %npthe S nthesié of NiO nanoshegté
studied due to their novel properties and potential applications P i Y ) .

as components and interconnects in nanodevi¢éswever, _In this paper, we demonstrate that powderssefi(OH), -
nanosheets have not been widely studied due to the lack ofsSingle-crystalline nanosheets can be synthesized using nickel
knowledge on their synthesis. Recently, nickel hydroxide acetate and aqueous ammonia by the hydrothermal mgthod at
(Ni(OH),) has aroused increasing attention due to its applications 200 °C. The exclusive nanosheet morphology of single-
in alkaline rechargeable batteries which are most widely used ¢ryStalline-Ni(OH), has been achieved by this method. The
in many applications ranging from power tools to portable preparation was carried out without using any template or seed,
electronics and electric vehicles. The electrochemical utilization Which avoided the subsequent complicated workup procedure
and practical capacity of Ni(OHathodes are directly affected for rem_oval of the template or seed. Furthermore, NiO s_mgle-
by their morphology and size. The development of today's crystalline nanosheets have been successfully synthesized by
electronic industry needs much higher energy density batteries..N€ thermal decomposition method at 480 for 2 h using

Han et aP reported that the capacity of the positive electrode p-Ni(OH), single-crystalline nanosheets as the precursor. The
could be significantly increased when nanophase NiQt#s sheet shape of smgl_e-crysta_lhﬁel\ll(OH)z was sustained after
added to micrometer-size spherical Ni(QH} is expected that ~ thermal decomposition to NiO.

Ni(OH), nanostructures may have potential applications in high- _ _

energy-density batterie8:Ni(OH), crystallizes with a hexago- ~ Experimental Section

nal brucite-type structure with Ni(Obl)ayers stacked alon
ucite-type structure with Ni(Okf)ay 9 Nickel acetate (Ni(CHCOOY-4H,0) (Shanghai Chemical

the c-axis and an interlayer distance of 4.6 ANi(OH), is .
often selected as the discharged-state material in the electrodeﬁeagents Company) and agueous ammonig{(Fi®) (Shang-

due to its stability in strong alkaline electrolyte and good ai Lingfeng Chemical Reagents CO"_ Ltd.) were of an_a_lytlc_:al
reversibility when charged t8-NiOOH 3 gra.de.and were used as purchased WlthOl_Jt further pgnﬂca‘uon.
Deionized water was used as the solvent in all experiments. In

a typical experiment (sample 1), 0.7 g of Ni(gEDO)-4H,0
was dissolved in 30 mL of deionized water and 1 mL of 6 M
NH3-H,O was added dropwise during magnetic stirring. The
solution was sealed into Teflon-lined autoclaves and heated at
200°C for 5 h. After hydrothermal treatment, a green suspension
was obtained. The product was separated from solution by
centrifugation, washed with deionized water three times, and
dried at 60°C in a vacuum. Finally, green powder was obtained.
Other samples were prepared by the procedure similar to that
for sample 1, but under different conditions.

X-ray powder diffraction (XRD) patterns were recorded using
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10.1021/jp037513n CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/25/2004

However, there have been only a few reports on the synthesis
of Ni(OH), nanostructures. Gedanken et alynthesized scaly
a-Ni(OH), nanostructures using the sonochemical method. Li
et al® reported the synthesis @ENi(OH), nanostructures by
the NiGO,4 conversion method, and the as-prepared products
consisted of a mixture of nanosheets and nanorods.

NiO is a semiconductor and an antiferromagnetic material.
NiO has received considerable attention recently due to its
attractive applications in diverse fields, such as catafysis,
battery cathod&? gas sensor¥,!! electrochromic filmg213
magnetic material&}15 active optical fiberd® and fuel cell
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deionized water at 200C for 5 h. The product was a single
phase of well-crystallized3-Ni(OH), with the hexagonal
structure (JCPDS 74-2075). No peaks dueoat®Ni(OH), or
impurities were observed by XRD. The yield BiNi(OH);
powder was 92.4%. Other samples prepared by the hydrothermal
method under different conditions have XRD patterns similar
to Figure 1.

Figure 2 shows TEM micrographs of four samples prepared
10 20 30 40 50 60 70 by the hydrothermal method. Figures 2a and 2b show TEM
micrographs of the same sample (sample 1) as described in
) _ Figure 1. One can s¢eNi(OH), nanosheets as well as nanorods
Figure 1. XRD pattern of sample 1 prepared by hydrothermally treating with diameters of 520 nm and lengths up te-100 nm.

a solution containing 0.7 g of Ni(G}€00)+4H,0, 1 mL of 6 M NHz . - .
H,0, and 30 mL of HO (pH ~ 7.5) at 20C°C for 5 h. Ni(CHCOO)- B-Ni(OH), nanosheets have irregularly shaped morphologies

4H,0 was dissolved in deionized water and then aqueous ammonia With sizes in the range of 25160 nm. Many of nanosheets are
was added dropwise to the Ni(GEIOO) solution during magnetic irregularly hexagonal with the angles of adjacent edges of 120
stirring before the hydrothermal treatment. as indicated by arrows in Figure 2b. We suggest that the surface
of the nanosheets is thf0001} planes of the hexagonal

mator. TEM images were taken with JEOL JEM-2010 and JEOL ﬂ-N|(OH)2 phase, and the ang|es of fa@.ay be those of the
JEM-200CX transmission electron microscopes. Differential {10-10} and{01—10} planes, and the edges should correspond
scanning calorimetric analysis (DSC) and thermogravimetric to the {10-10} and {01-10} planes. The suggestion is
analysis (TG) were carried out with a STA-409PC/4/H Luxx supported by electron diffraction (ED) shown in Figure 2e. In
simultaneous TG-DTA/DSC apparatus (Germany) with a heating addition to nanosheets, nanorods were present. The coexistence
rate of 10°C min~* in flowing air. of nanosheets and nanorods was also observed by LFéoal.
B-Ni(OH), synthesized by the Ni#D, conversion method.

To obtain exclusivgg-Ni(OH), nanosheets, we explored the

Figure 1 shows the XRD pattern of a typical sample (sample influence of hydrothermal time on the product. Figure 2c shows
1) prepared by hydrothermally treating a solution of 0.7 g of TEM micrograph of sample 2 prepared under the same condition
Ni(CH3COO)-4H,0, 1 mL of 6 M NHz-H,0, and 30 mL of as sample 1 except that hydrothermal treatment time was 30 h
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Figure 2. TEM micrographs of four samples prepared by the hydrothermal method. (a) The same sample (sample 1) as described in Figure 1; (b)
the magnified TEM image for sample 1; (c) sample 2 prepared by hydrothermally treating a solution prepared as the following procedure: 0.7 g
of Ni(CH3COOQ)-4H,0 was dissolved in 30 mL of #0, and 6 M NH-H,O was added dropwise to adjust the pH to 7.5. The resulting solution was
hydrothermally treated at 20T for 30 h; (d) sample 3 prepared under the same condition as sample 2 except that pH was adjusted to 9.6; (e)
sample 4 prepared by hydrothermally treating a solution prepared according to the following procedure: 0.07 g ¢€Q@EH4H,O and 0.016

g of poly(ethylene glycol) (PEG) was dissolved in 20 mL of{ and 6 M NH-H,O was added dropwise to adjust the pH to 7.8. The resulting
solution was hydrothermally treated at 2XDfor 33 h. The inset shows the electron diffraction pattern of a single nanosheet; (f) standing nanosheets
from sample 4 on the TEM sample holder. The inset shows the electron diffraction (ED) pattern collected from the spot labeled by the circle.
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Figure 3. Differential scanning calorimetric analysis (DSC) and Figure 4. XRD pattern of the product (sample 5) obtained by thermal
thermogravimetric analysis (TG) curves @MNi(OH). nanosheets. decomposition of3-Ni(OH), nanosheets at 40T for 2 h.

(5 h for sample 1). Exclusiv8-Ni(OH), nanosheets with sizes
ranging from 50 to 160 nm were observed. No nanorods were
observed. Compared with sample 1 prepared at’20fdr 5 h,

both the average size and thickness of nanosheets increased fc
sample 2 prepared at 20C for 30 h. This implies that the

hydrothermal treatment time. It is interesting to note that by
increasing hydrothermal treatment time from 5 to 30 h, the shape
of 5-Ni(OH), nanosheets had changed from irregularly hex-
agonal (Figures 2a and 2b) to quasi-circular (Figure 2c).

We investigated the influence of pH on the product. Samples
2 and 3 were prepared under the same condition except that
pH was different. Figure 2c shows a TEM micrograph of sample
2 prepared at pH= 7.5. Exclusive nanosheets were observed.
The sizes of nanosheets in sample 2 H.5) are similar to
those of sample 3 prepared at pH9.6. This implies that pH
has limited influence on the sizes of nanosheets. We used
agueous ammonia to adjust the pH of the solution to be weak
alkaline in order to provide OH ions for the formation of
Ni(OH)2. NHz could also act as a complexing reagent fot'Ni
ions to form Ni(NHs)e?>t. The formation of Ni(NH)s*™ may
control the reaction rate of Rii ions with OH™ ions, playing a
role in the formation of3-Ni(OH), nanosheets.

A TEM micrograph of sample 4 is shown in Figure 2e, which
shows nanosheets with sizes of several hundred nanometers
The inset of Figure 2e shows the ED pattern of a randomly
selected single nanosheet lying on the TEM sample holder, 100nm ‘
which was obtained by focusing the incident electron beam
along the [0001] zone axis. ED pattern can be indexed to the Figure 5. (a) TEM micrograph of-Ni(OH). nanosheet precursor
hexagonalp-Ni(OH),, consistent with the XRD result. ED before thermal c_iecomposition;(b) TEM mi_c_rogra_ph of NiO nanosheets
patterns taken on different individual nanosheets were essentially{S2mPple 5) obtained by thermal decompositioff-®1i(OH). nanosheets
the same. This indicates the single-crystalline structure of at 400°C for 2 b (c) a single NiO nanosheet, showing the angle of

) : ; .~ adjacent edges of 12@s indicated by arrows; (d) ED pattern of an
B-Ni(OH), nanosheets. Figure 2f shows a bundle of standing individual NiO nanosheet.
nanosheets from sample 4 on the TEM sample holder, from
which we estimate that the thickness of nanosheets was in the~ 20%, in good agreement with the theoretical value (19.4%)
range of~12 to~20 nm. The inset in Figure 2f shows the ED calculated from the following reaction:
pattern collected from the spot labeled by the circle on a single _
standing nanosheet. The ED pattern was taken with an electron Ni(OH), _endothermic \ i + H,O
beam parallel with the nanosheet surface. It shows the perfect

one-dimensional ED pattern, indicating a layered structure of The DSC curve showed an endothermic peak with a maximum
p-Ni(OH), nanosheets. The calculated spacing between N{OH) |qcated at 326'C. The temperature range of the endothermic
layers stacked along tieeaxis was about 4.7 A, consistent with peak in the DSC curve fits well with that of weight loss in the
that reported (4.6 A This result supports the finding that the T curve, corresponding to endothermic behavior during the
surface of the nanosheets is {3003 planes of the hexagonal decomposition of3-Ni(OH), to NiO.
-Ni(OH). phase. We explored the possibility of using-Ni(OH), nanosheets
The thermal behavior gf-Ni(OH), nanosheets was inves-  as the precursor for synthesis of NiO nanosheets. On the basis
tigated with TG and DSC measurements (Figure 3). A TG curve of TG and DSC results, we used 480 to ensure the complete
showed thap3-Ni(OH), started to decompose (weight loss) at decomposition 0f8-Ni(OH),. Figure 4 shows the XRD pattern
about 285°C. The major weight loss happened rapidly between of NiO powder (sample 5) prepared by thermal decomposition
~298 and~342°C. The total weight loss was measured to be of single-crystalling3-Ni(OH), nanosheets at 40TC for 2 h.
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