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We report here the successful synthesis of one-dimensional (1D) nanoribbons of nickel hydroxide crystallized
in a new phase. This attempt is based on the treatment of freshly precipitated nickel hydroxide with high
concentrations of nickel sulfate. The nanoribbons with monoclinic structure had a chemical composition of
Ni(OH)1.66(SO4)0.17(H2O)0.29, which was close to that ofR-Ni(OH)2. These nanoribbons were very pure single
crystals, structurally uniform with typical widths of 5-25 nm, thicknesses of 1-5 nm, and lengths of up to
a few micrometers, and could be an ideal system for studying the physical and chemical properties of 1D
nanostructured electrode materials.

One-dimensional (1D) nanostructures, such as nanoscale
tubes, wires, rods, and belts (or ribbons), are of great importance
from both fundamental and applied perspectives.1-3 Recently,
1D nanostructured electrode materials have attracted consider-
able scientific interest due to their potential in boosting the
performance of rechargeable batteries.4-6 In addition, it may
be possible, using such materials, to fabricate rechargeable
batteries at the nano or micro level.7 Nickel hydroxide is
particularly important in this context since it is an important
cathode material in a number of rechargeable battery systems
(e.g., Ni/Cd, Ni/H2, Ni/MH, Ni/Fe, and Ni/Zn).8 To date,
however, it has been extremely difficult to synthesize pure, 1D
single nanocrystals of nickel hydroxide for this purpose.6,9 In
this paper we describe the successful synthesis of 1D nano-
ribbons of nickel hydroxide crystallized in a novel phase.

Our approach is based on the treatment of freshly precipitated
nickel hydroxide with high concentrations of nickel sulfate. In
a typical experiment, 1.3 g of Ca(OH)2 (0.017 mol) was
dispersed in 40 mL of deionized water and added to a solution
of 13.0 g of NiSO4‚6H2O (0.049 mol) in 160 mL of deionized
water at room temperature. To prevent carbonate incorporation,
the deionized water was boiled before use and the experimental
process was completed in a nitrogen atmosphere. The pH value
of the solution after addition was about 6.5. After the reaction,
the concentration of NiSO4 in the mother solution was about
0.16 mol/L. The resulting mixture including freshly precipitated
nickel hydroxide was then transferred to a Teflon flask (SLZPI
model, 250 mL, from Zhenghong Plastic Factory), sealed, and
treated at 100°C for 24 h. The pH of the solution did not change
at the end of the treatment. After the hydrothermal process was
complete, the green precipitates were filtered and washed
repeatedly with copious amounts of distilled water to remove
the byproducts. Since the amount of CaSO4 in the byproducts
is 2.3 g and the solubility of CaSO4 in water at room temperature
is only 0.002 g/mL, more than 1150 mL of water was needed
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to remove the byproducts. The final products were dried in a
vacuum at 50°C for 24 h.

The nanostructures and morphologies of the products were
characterized by transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM). Low-magnification TEM im-
ages (Figure 1A and B) revealed that the products consisted
almost exclusively of a large number of ribbonlike nanostruc-
tures. This was deduced from the fact that widths of the
nanostructures changed with the tilt angles (-35, 0, and+35°).
Parts C-E of Figure 1 show a typical example. The nanoribbons
had typical lengths in the hundred nanometer to micrometer

range, with thicknesses of 1-5 nm and widths of 5-25 nm.
Analysis of a number of nanoribbons with different widths
revealed that individual nanoribbons were uniform in width.

Energy-dispersive X-ray (EDX) spectroscopy in scanning
TEM (STEM) mode was used to investigate the chemical
composition of the nanoribbons. STEM images were collected
by a high-angle annular dark field detector (HAADF). A typical
image is shown in Figure 2A. Compositional EDX profiles show
well-correlated nickel, oxygen, and sulfur signals across the
nanoribbons (Figure 2B).

Elemental analysis of the products using X-ray fluorescence
(XRF) spectroscopy and thermogravimetric analysis (TGA)
provided more quantitative data. This revealed a stoichiometry
of Ni(OH)1.66(SO4)0.17(H2O)0.29 which was close to that of the
R-nickel hydroxide reported by Kamath et al.10 The absence of
calcium in the elemental analysis indicated that CaSO4 was
completely removed during washing of the products. It has long
been known that nickel hydroxide has a hexagonal layered
structure with two phases,R and â.11 The R-phase consists
of a hydrotalcite-like structure, having the composition
Ni(OH)2-x(An-)x/n‚yH2O, wherex ) 0.2-0.4,y ) 0.6-1, and
A ) chloride, sulfate, nitrate, carbonate, or other anions.10,12

The â-phase is isostructural with brucite and does not contain
any intercalated anions.

The crystallographic structure of the nanoribbons was ex-
amined by X-ray powder diffraction (XRD, performed with Cu
KR radiation on a Rigaku Dmax/2000 diffractometer in the 2θ
range of 2 to∼80°). A typical XRD pattern is given in Figure
3. Neither the positions of the peaks nor their relative intensities
corresponded to either of the two known phases,R-Ni(OH)2 or
â-Ni(OH)2.10,13,14

The strongest six peaks (7.10, 5.126, 3.837, 2.940, 2.232,
1.991 Å) were close to those of paraotwayite (6.81, 5.083, 3.859,
2.946, 2.239, 1.973 Å), a mineral with monoclinic structure and
lattice parameters ofa ) 7.89 Å, b ) 2.96 Å, c ) 13.63 Å,
and â ) 91.1°.15 However, the first peak (12.6 Å) of the
pattern was not reported in the literature and the second peak
(8.74 Å) was not close to the corresponding peak of paraotwayite
(7.95 Å).15 While some peak positions were fairly close to
paraotwayite, their relative intensities were somewhat different.
Moreover, the lattice parameters of paraotwayite or their
modifications were not in agreement with the HRTEM results
of the nanoribbons.

Another difference between the products and paraotwayite
was chemical composition. The empirical formula for

Figure 1. (A, B) TEM images of the products at different magnifica-
tions. (C-E) TEM images of the products observed at three different
tilt angles. Scale bar: 10 nm. (F) TEM image of a nanoribbon growing
along [100]. (G) HRTEM image from a box in F; the inset is the
corresponding FFT of the image.

Figure 2. (A) STEM image of the products. (B) The compositional line profiles probed by EDX along the white double-arrow line in 2A.
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paraotwayite was Ni0.99Mg0.01(OH)1.43(SO4)0.17(CO3)0.12‚0.37H2O,
and the generalized anhydrous formula could be written
Ni(OH)2-x(SO4,CO3)0.5x, wherex is approximately 0.6.15 The
composition of paraotwayite was close to that of the hydroxy-
rich basic salts of nickel, which were isostructural with
R-Ni(OH)2 and had the composition Ni(OH)2-x(An-)x/n‚yH2O,
where x ) 0.5-1.12 The nanoribbons had a higher ratio of
hydroxyl to metal than paraotwayite.

After detailed analysis it was concluded that this pattern
corresponded to a novel phase for nickel hydroxide. The peaks
in Figure 3 were indexed as a monoclinic unit cell, and the
lattice parameters were calculated to bea ) 8.74(1) Å, b )
8.60(1) Å,c ) 12.58(2) Å, andâ ) 91.2(2)° with PowderX.16

In addition, the (222) and (232) peaks were sharper than the
(101) peak, indicating anisotropy in the crystallite size.

Figure 1G depicts a lattice-resolved HRTEM image of a
nickel hydroxide nanoribbon shown in Figure 1F. This image
clearly reveals (3h30) and (330) atomic planes with spacings of
0.201(2) and 0.201(2) nm, respectively. The inset shows the
fast Fourier transform (FFT) of the digital HRTEM image.
Systemic TEM and HRTEM investigations revealed that the
as-synthesized nanoribbons were single crystals with a prefer-
ential [100] growth direction along their long axes.

When NaOH was used to replace Ca(OH)2, large numbers
of nanoribbons could still be obtained. To confirm the role of
NiSO4 in the treatment process, we replaced NiSO4 by Ni(NO3)2

or NaSO4 with all the other conditions (including pH) remaining
the same. Few nanoribbons were observed. When the concentra-
tion of nickel sulfate in the treatment process was below 0.008
mol/L and the pH value was kept unchanged, most of the final
products were particles. All of the above indicated that high
concentrations of nickel sulfate were necessary in the treatment
process for the synthesis of the nanoribbons.

We speculate that to produce these nanoribbons during the
treatment process, the seeds of nickel hydroxide with monoclinic
structure were formed by the chemical interaction between high
concentrations of nickel sulfate and freshly precipitated nickel

hydroxide. The high concentrations of nickel sulfate as impuri-
ties could result in the formation of two-dimensional layers of
nickel and sulfate ions on the (010) and (001) faces of the seeds,
which might inhibit the growth rate of these two faces.17-19

Preferential growth in the [100] direction would lead to the
growth of the nanoribbon structures described. The formation
of novel nickel hydroxide nanoribbons is an example of the
crucial role that impurities can play in determining both the
morphology and crystallographic structure of crystals grown in
solution.

In summary, nanoribbons of nickel hydroxide with mono-
clinic structure were synthesized by treating freshly pre-
cipitated nickel hydroxide with high concentrations of nickel
sulfate. These nanoribbons with the chemical composition of
Ni(OH)1.66(SO4)0.17(H2O)0.29had typical lengths in the hundred
nanometer to micrometer range, with thicknesses of 1-5 nm
and widths of 5-25 nm. These single-crystalline nanoribbons
could be an ideal system for fully studying physical and
chemical properties of 1D nanostructured electrode materials.
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Figure 3. XRD pattern of the products. The numbers above the peaks
correspond to the (hkl) values of the monoclinic structure.
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