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We report the synthesis, characterization, and electrochemistry properties of ribbon- and boardlike nanostructures
of nickel hydroxide, which crystallize in different phases. The ribbonlike nanostructures (nanoribbons) of
nickel hydroxide were synthesized by treating amorphod&(OH), with high concentrations of nickel sulfate.

These nanoribbons crystallized in a new phase had typical widths 25 :im, thicknesses of-3® nm, and

lengths of up to a few micrometers. After further treatment in alkali at®0the nanoribbons converted to
boardlike nanostructures (nanoboards), which crystallized irfthbhase with the average lengttvidth—
thickness ratio of 20:6:1. The crystal structures, Raman spectra, and electrochemical properties of these
nanostructures of nickel hydroxide are described in this paper. For comparison, the amargti¢Os$),

has also been investigated. Moreover, the intermediate product between the nanoribbons and the nanoboards
displays a unique structure, which implied an interesting transformation process. The nanoribbons with the
new phase show some unique features in Raman spectra, two new peaks located at 3534 and'3592 cm
the OH stretching region, indicating the new chemical environment of the hydroxyl groups. The nanoboards
exhibit the highest specific capacity, which is close to the theoretical capagyNgfOH),. It suggests that

the boardlike nanostructure is helpful in improving the electrochemical performance of nickel hydroxide.
Because of their unique structures and properties, the nanoribbons and nanoboards of nickel hydroxide may
give a new perspective for applications in the areas of catalysts and rechargeable batteries.

Introduction material used in rechargeable batteries. Fidi(OH), is usually
oxidized to-NiOOH in a charge process and has a maximum

_gli(I:keI h)(/jdroxide hﬁs:ttracted_ gln_eat interegt sinfce_ itkh?ibeegtheoretical specific capacity of 289 mAh/g. BecaasHi(OH),
widely used as a cathode material in a number of nickel-based ., e oxidized tg-NiOOH and the average oxidation state

rechargeat_)le alkaline batteries (e.g., Ni/Cd, Nj/Ni/MH, Ni/ _of nickel in y-NiOOH is 3.5 or higher, the-Ni(OH), has a
Fe, and Ni/Zn): Because the performance of such batteries g, ,eior theoretical specific capacity reaching up to 433 mAh/
depends on_the structural and morphological features of Ni- 11,16 However, the pure-Ni(OH), is very unstable in water
(OH),, considerable work has been done to prepare and ;.4 4ikali and quickly transforms to thfephase.

investigaste bulky or nanocrystalline Ni(OHwith different Besides crystal structure, morphologies of Ni(@fso have
phases: ) ) a significant influence on its electrochemical properties? It
It has long been known that nickel hydromdgghas ahexagonal ha5”heen found that Ni(Okwith a smaller crystalline size
layered structure with two polymorphs,andp.** o-Ni(OH). exhibits better electrochemical properti@4éReisner et al. have
is isostructural with hydrotalcite and consists of stacked developed nanostructurgdNi(OH),, a mixture of nanofibers
Ni(OH)—x layers intercalated with various anions or water anq panoparticles, which was expected to yield at least a 20%
molecules. This phase is hydroxyl deficient and can be improvement in cathode energy contéht.
fi)rmulated as '\E(OH’)’.‘(AW)X/”'VHZO_’ wherex = 0.2-0.4,y With the development of one-dimensional (1D) nanostruc-
= Q'G_l%' and A= chloride, sulfate, nitrate, carbonate, or other ;520 the synthesis of 1D nanostructured electrode materials
anions, ,Wh'le in the case of-Ni(OH)z, it ha§ a WeII-.ordered holds great technological promise for improving the performance
brucite-like structure and does not contain any intercalated o rechargeable batteries and for fabricating micro- and nano-
species. In addition to the two well-known phases, other jueried®2t However, few studies have been focused on the
modified phases such ag ind Poc (be = badly crystallized) 1 nanostructures of nickel hydroxid@22 Through the hydro-
have also been reportéd.* We have recently synthesized orma| process, Kyotani et al. have obtained 1D nanorods of
nanorlbbo_ns of nickel hydroxide, which crystallized in @ New 3 Njj(OH), within an anodic oxide templaf@.Nevertheless, it
phase, quite different from these known phases of Ni(GH) ig jmpossible to obtain pure Ni(Okpanorods because of the
Among these phases of nickel hydroxidephase is the classical decomposition of Ni(OH)while removing template.
" . ] In this work, we report systematically an investigation on
'inzhc;?\rr%?plggilgg C?\“thors- Telephone/Fax: 86-10-6275-7157. E-mail: the synthesis, characterization, and electrochemistry properties
J TCoﬁ’egg of Chemistry and Molecular Engineering. of the _nick_el h_ydroxide nanoribbons and nanoboards, which
*School of Physics. crystallize in different phases. The two forms as well as the
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amorphousx-Ni(OH), exhibited very dissimilar X-ray diffrac- 7
tion patterns, Raman spectra, and electrochemical properties
Moreover, the transformation from the nanoribbons to nano-
boards has also been investigated. Because of the unique
structures and properties, these 1D nanostructures of nickel
hydroxide may find applications in the catalytic field and the
battery industry.

Experimental Section

All of the chemicals were of analytical grade and used without
further purification. Distilled water was used throughout. NiSO
6H,0 and NaOH were all supplied by Beijing Chemical Reagent
Co.

Sample Preparation. Synthesis of Amorphous-Ni(OH),
(Sample A)The sample of amorphousNi(OH), was synthe- | — ;
sized by mixing 40 mL of 0.8 M NaOH and 160 mL of 0.3 M gjgyre 1. Morphologies of the nickel hydroxide samples revealed by
NiSO; to form a nickel hydroxide slurry. The slurry was TEM: (A) sample A, (B) sample B, (C) sample C, (D) sample D. Scale
immediately filtered and washed repeatedly with distilled water. bar: 100 nm.

Synthesis of Nanoribbons of Ni(OHjSample B} The
nanoribbons of nickel hydroxide were synthesized from the reference electrode. The nickel hydroxide electrodes were
nickel hydroxide slurry similar to that used to synthesize sample charged at a rate of 0.3 Crf6 h and discharged at a 0.3 C rate
A. The slurry was loaded in a 250 mL Teflon flask, sealed, and to 1.0 V. Electrochemical measurements were performed using
heated for 24 h at 108C. The product was filtered and washed a LAND model BT1-50 battery-test system.
with large amounts of distilled water. ) _

Synthesis of Nanoboards of Ni(QH(Sample C).The Results and Discussion

nanoboards of-Ni(OH), were prepared by heating sample B Morphology. The morphologies of the samples were char-
in 0.2—0.5 M NaOH solution for 2448 h at 60°C. The final acterized by TEM. As shown in Figure 1A, Samp|e A was an
product was collected by filtration and washed with distilled amorphous product. The amorphous form is mostly due to
water. obtaining the precipitate in excess nickel sulfate without aging.
Synthesis of Intermediate Product between the NanoribbonsFigure 1B revealed that sample B consisted almost exclusively
and the Nanoboards of Ni(OkYSample D).The experiment  of a large number of ribbonlike nanostructures. The nanoribbons
process is the same as the procedure for the synthesis of thehad typical lengths of 022 um and widths of 525 nm.
nanoboards gf-Ni(OH),, except for the treating time, treating  Analysis of a number of nanoribbons with different widths
nanoribbons fo3 h at 60°C. revealed that individual nanoribbons were uniform in width.
All four samples were dried at 10 in a vacuum. TEM images from sample C (Figure 1C) showed a mixed
Characterization. X-ray powder diffraction (XRD) patterns  morphology consisting mainly of new boardlike nanostructures
were collected with a Japan Rigaku Dmax/2000 X-ray diffrac- with a small amount of irregularly contoured nanosheets, which
tometer with graphite monochromatized Cu kKadiation. Low- was different from the spherical particles@®Ni(OH), prepared
resolution transmission electron microscopy (TEM) images were using conventional method&.The typical lengths and widths
obtained using a JEOL JEM 200CX transmission electron of the nanoboards were in the ranges of-280 and 25-60
microscope operated at 120 kV. High-resolution TEM (HRTEM) nm, respectively. The nanoboards have a small length-to-width
images were taken with a Philips TECNAI-F30 transmission ratio, in correspondence with a ribbonlike morphology.
electron microscope, using an accelerating voltage of 300 kV.  The thicknesses of the nanoribbons and the nanoboards were
X-ray fluorescence spectroscopy (XRF) images were recordedexamined by atomic force microscopy (AFM, Digital Instru-
on a Bruker S4-Explorer X-ray fluorescence spectrometer, using ment, Nanoscope Ill, USA) using tapping mode. The thicknesses
nonmonochromatized Mg KR X-ray as the excitation source, of the nanoribbons varied from 3 to 9 nm with an average close
and choosing C 1s (284.60 eV) as the reference line. A to 5.5 nm, while the nanoboards had thicknesses ranging from
Renishaw 1000 micro-Raman system {Hée laser excitation 4 to 9 nm with an average around 6.0 nm. These results
wavelength of 632.8 nm, spot sizel um diameter) was used  suggested that the nanoribbons and the nanoboards were about
to characterize the samples. For Raman study, the samples weréhe same thickness. The combination of AFM and TEM allowed
placed directly on the test floor without any further treatment. us to obtain the average lengttvidth—thickness ratio of the
Evaluation of Electrochemical Properties.To evaluate the nanoboards, which was 20:6:1.
electrochemical properties of the three samples, nickel hydroxide Sample D, the intermediate product between the nanoribbons
electrodes were prepared as follows. The nickel hydroxide and the nanoboards, showed particular morphologies (Figure
samples (65 wt %) were mixed with nickel powder (26.4 wt 1D). Many nanoribbons are broken down, and some nanoboards
%), cobalt oxide powder (7.6 wt %), and carboxymethyl are formed. Most of the nanoboards are directly connected to
cellulose (CMC) (1 wt %) in water as a binder. The mixtures the nanoribbons. This typical morphology is also shown in
were stirred to obtain pastes. The nickel foam substrates with aFigure 4A, which indicates that the nanoribbons provide
size of 4.0x 4.0 cn? were then filled with the pastes and dried templates for the formation of the nanoboards.
at 100°C for 6 h. All electrochemical studies were performed Composition. The chemical composition of the different
in a three-electrode cell with a 6.0 M KOH solution at room phases was determined by XRF, and by chemical and thermo-
temperature. A metal hydride (MH) electrode with a capacity gravimetric analyses. The combination of these different
in excess of the nickel hydroxide electrodes was uses as aexperimental techniques allowed us to obtain an approximate
counter electrode, and a Hg/HgO electrode was used as aformula for each sample. Samples A and B can be represented
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Figure 2. XRD patterns of the nickel hydroxide samples.
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Figure 3. HRTEM images of (A) the wide face of a nanoribbon, (B)
the narrow face of another nanoribbon, and (C) the wide face of a
nanoboard.
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Figure 4. (A) TEM image of a typical intermediate between the
nanoribbons and the nanoboards of nickel hydroxide, (B) HRTEM
image of the nanoribbon part (part a) of the intermediate, and (C)
HRTEM image of the nanoboard part (part b) of the intermediate; the
insets are the corresponding FFTs of the images.

by the formulas of Ni(OH)eASOs)0.1(H20)0.24and Ni(OH) eg
(SOy)0.1dH20)0.10, respectively. The content of sulfate ions in
sample A is slightly more than that in sample B. Sample C has

Yang et al.

the composition of Ni(OH) and the sulfate ions have been
completely ejected (corroborating with Raman data present
below).

Crystal Structure. The XRD data from the samples were
shown in Figure 2. The pattern of Sample B was different from
those of the other samples. Neither the position of the peaks
nor their relative intensities corresponded to either of the two
known phasesy-Ni(OH) or 8-Ni(OH),.101524After a detailed
analysis, it was concluded that this pattern corresponded to a
new phase for nickel hydroxid€.The peaks in the pattern of
sample B were indexed as a monoclinic unit cell, and the lattice
parameters were calculated to &e= 8.74(1) A,b = 8.60(1)

A, ¢ = 12.58(2) A, and = 91.2(2F with PowderX25 The
strongest six peaks (7.15, 5.126, 3.837, 2.940, 2.232, 1.991 A)
could be indexed to (101), Q2), (103), (104), (232), and (16)
planes, respectively. The broadening of peaks in the XRD
patterns shown in Figure 2 might be mainly attributed to
structural disordeto¢

The XRD measurement shows that sample C possesses
hexagonal structure with lattice constantsaot 3.120(2) A
andc = 4.606(2) A calculated by PowderX consistent with
the standard values fg#-Ni(OH),.2* The peaks atl = 4.73,
2.70, 2.33, 1.74, 1.56, and 1.48 A correspond to (001), (100),
(101), (102), (110), and (111) reflections, respectively.

The XRD curve of sample A shows the typical pattern of an
a-phase The broad asymmetric band in the 22.7 A region
is the typical structure of turbostratec-Ni(OH)..

The XRD results suggest that the amorphatisi(OH), could
transform to the new phase of nickel hydroxide with ribbonlike
nanostructures by heating in high concentrations of nickel
sulfate. A high concentration of nickel sulfate is the crucial
factor for the synthesis of the nickel hydroxide nanoribbons, as
demonstrated in the previous work.

HRTEM images of individual nanoribbons and nanoboards
(Figure 3A and B) provide further insight into the morphologies
and structure details of these materials. Figure 3A shows an
HRTEM image recorded near the edge of a nickel hydroxide
nanoribbon along the direction perpendicular to the wide face
of the nanoribbon. This image clearly reveals (330) an®)33
planes with spacings of 0.202 and 0.203 nm, respectively. The
growth direction of the nanoribbon is parallel to the [100]
direction, and the wide face of the nanoribbon corresponds to
the (001) plane. An HRTEM image taken from the narrow face
of another nanoribbon is given in Figure 3B. The spacings of
0.232 and 0.235 nm correspond to the (303) and Y plhes,
respectively, indicating that the narrow face is the (010) plane.
The observation of Figure 3B further confirms that the as-
synthesized nanoribbons are single crystals with a preferential
[100] growth direction along their long axes. The results from
Figure 3A and B are coherent with the cell parameters calculated
from XRD.

Figure 3C exhibits the HRTEM image taken from the wide
face of a nanoboard. This image reveals that the nanoboard was
formed with a single crystalline structure and growth direction
along [100]. The lattice in the image is arranged in a hexagon,
and the intervals of the closest points are measured to be 0.30
nm, which corresponds to the lattice paramatef 5-Ni(OH)..

Transformation from Nanoribbons to Nanoboards. To
investigate the transformation from nanoribbons to nanoboards,
TEM and HRTEM images of a typical intermediate were taken
(Figure 4A—C). The typical intermediate (shown in Figure 4A)
is composed of a nanoribbon part (part a) and a nanoboard part
(part b). The fact that the distance between atomic planes
(indicated by lines in Figure 4B) is identical to that of (100)
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Figure 6. Discharge curves of the nickel hydroxide electrodes.
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200 400 600 800 1000 3000 3200 3400 3600 to the surface area of the crystallitdshigh intensity of this
Wavenumber (cm') line suggests that sample B has a large extended surface area.
Figure 5. Raman spectra of samples-&. In the metal-oxygen stretching region (4600 cnt?), the
band at 451 cm! can be attributed to the stretching vibration
lattice planes of3-Ni(OH). suggests that the surface of the of Ni—OH,17:3033and the 488 cmt band is most likely due to
nanoribbon part is the (001) facet/@iNi(OH).. The inset shows  Nj—O vibration32 In addition, the bands correlated with sulfate
the fast Fourier transform (FFT) of the dlgltal HRTEM image. anions have been observed at 609 and 988cm
The HRTEM image recorded on the nanoboard part (Figure  Sample C shows the typicAtNi(OH), spectrunf:17:2 The
4C) exhibits a hexagonal lattice, which indicated the surface of peaks at 311 and 447 cthcan be ascribed to the E-type
the nanoboard part is also the (001) plangsdfii(OH).. The vibration of the Ni-OH lattice and the N+OH stretch,
XRD pattern of sample D displays peaks of two phases: the respectively. The 3583 cm peak is assigned to the symmetric
new phase ang3-phase. The low intensity of the peaks stretch of the hydroxyl groups. In addition, the lines associated
corresponding to the new phase implied that sample D containswith sulfate species have not been detected, indicating that the
some remaining nanoribbons, whose crystal structure does nofsylfate anions are completely removed.
change. The unique structure of the intermediate product Electrochemical Properties.Figure 6 displays the discharge
apparently indicates that in the transformation process the curves of the three as-prepared nickel hydroxide electrodes after
nanoribbons not only change their crystal structure, but also activation of four chargedischarge cycles. The electrodes
provide templates for the growth gfphase nanoboards. differed in the electrochemical capacity, 78 mAh/g for the
Raman Spectra. Raman spectroscopy was performed to electrode containing sample A, 130 mAh/g for the electrode
obtain further structural information of the samples. Samples containing sample B, and 260 mAh/g for the electrode contain-
A—C (Figure 5A and B) exhibit very dissimilar Raman spectra ing sample C. Sample C exhibits the highest specific capacity,
because of their different morphology and structural character- which is close to the theoretical capacityhickel hydroxide.
Istics. This result suggests that the boardlike nanostructure is helpful
The spectrum of sample A displays two characteristic bands for improving the electrochemical performance of nickel
of a-Ni(OH),,?"?8 a broad band centered around 3640 €m  hydroxide. In contrast, sample A with the phase has a capacity
and an intense band at 465 cmThe broad band between 3300 that is lower than its theoretical capacity. According to the
and 3680 cm! is related to the StretChing vibration of the investigation of other researchersq the low Capacityldﬂi-
hydroxyl groups. The 465 cm band can be attributed to aNi (OH), may be caused by the structure transformation and the
O(H) stretching modé?~3° The spectrum of sample A also  capacity fading in a strong alkaline medidfiThe transforma-
shows some additional features, a complex system of bandstion of the crystal structure would result in crystallite breaking
located in the 6061100 cn! range. The bands at 609, 977, and loss of contact of the active materials with the conductive
and 1032 cm' can be attributed to some adsorbed sulfate supstrate. It was found that the new phase would easily convert
specieg?3! to 3-Ni(OH), in 5 M NaOH solution at room temperature. Most
The spectrum of sample B shows some unique features. Thregjkely due to the new phase fast fading in a strong alkaline
strong lines at 3534, 3572, and 3592 Crare observed in the  medium, sample B with the new phase exhibits the low specific
OH Stretching region. The 3572 chhline is close to that Capacity' which is 67% h|gher than that of the amorphm{lm'_
observed fof3-phase sample®;?8-32which can be assigned to  (OH),. To stabilize thea-phase in strong alkali, some metal
the symmetric stretching of the hydroxide groups. The appear-jons such as aluminum were used to partially substitute nickel
ance of new lines at 3534 and 3592 ¢ntould be explained ions in thea-phase®16:34cThe aluminum stabilized-phase can
by the presence of these hydrogen atoms in a different provide a higher specific capacity than fh@hase This implies
environment. The line at 3534 crhis most likely due to the  that when stabilized in strong alkali, this new phase with
stretching mode of the hydroxyl groups involved in hydrogen ribbonlike nanostructures may also exhibit excellent performance
bonding. The hydrogen bonding comes from absorbgd &hd as well as aluminum stabilizeg-nickel hydroxide.
from hydroxyl groups interacting with adsorbed species, par-

ticularly H,03%31 The 3592 cm! line is associated with the ~ Conclusions
stretching of free hydroxyl groups near the surface of the Inthe present study, we report systematically an investigation
crystallites!” Because the intensity of this line is proportional on the synthesis, characterization, and electrochemistry proper-
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ties of the nickel hydroxide nanoribbons and nanoboards. The
nanoribbons of nickel hydroxide were synthesized by heating

amorphousx-Ni(OH), in high concentrations of nickel sulfate.
Through the further treatment in alkali at 80, the nanoribbons
would convert to thg-phase of nickel hydroxide with boardlike

nanostructures. The nanoribbons and nanoboards of nickel

hydroxide as well as the amorphousNi(OH), exhibited quite
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groups. The nanoboards exhibit the highest specific capacity,

which is close to the theoretical capacity BfNi(OH),. It
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the electrochemical performance of nickel hydroxide, while in
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to the specific capacity.
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