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Abstract: A new controllable homoge-
neous precipitation approach has been
developed to synthesize zinc-substitut-
ed nickel hydroxide nanostructures
with different Zn contents from a zinc
nanostructured reactant. As typical lay-
ered double hydroxides (LDHs), zinc-
substituted nickel hydroxide nanostruc-

be systematically controlled by adjust-
ment of the zinc content. The effects of
temperature and the amounts of am-
monia and zinc nanostructured precur-
sor on the reaction were systematically
investigated. In our new method, al-
though zinc-substituted o-and (-nickel
hydroxides have the typical 3D flower-

like architecture and stacks-of-pan-
cakes nanostructures, respectively, their
growth processes are different from
those previously reported. A coordina-
tive homogeneous precipitation mecha-
nism is proposed to explain the forma-
tion process of zinc-substituted nickel
hydroxide nanostructures. The zinc-

tures can be  formulated @ as
NiZn,(Cl),(OH),( 4,2 H,O (x=0.34-
0.89, y=0-0.24, z=0-1.36). The struc-
ture and morphology of zinc-substitut-
ed nickel hydroxide nanostructures can

Introduction

Nickel hydroxide as the cathode material of nickel-based re-
chargeable alkaline batteries,™? such as nickel/cadmium
(Ni/Cd), nickel/iron (Ni/Fe), nickel/metal hydride (Ni/MH),
and nickel/zinc (Ni/Zn), is becoming more and more impor-
tant in daily life.’! Furthermore, some studies have focused
on important optical and magnetic properties of nickel hy-
droxide compounds,” and hence nickel hydroxide is a po-
tentially multifunctional material due to its useful electrical,
optical, and magnetic properties.”] Nickel hydroxide
Ni(OH), is a typical member of the large family of lamellar
materials known as layered double hydroxides (LDHs) and
has a hexagonal layered structure with two polymorphs, that
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substituted nickel hydroxide nanostruc-
tures exhibit some interesting intrinsic
properties, and changing the zinc con-
tent can effectively tune their optical,
magnetic, and electrical properties.

nanostruc-

is, a- and B-phases.’l a-Nickel hydroxide has a brucite-like
(Mg(OH),) structure with turbostratic disorder, and consists
of stacked Ni(OH),_, layers along the ¢ axis intercalated
with various anions or water molecules. The generally for-
mulated composition is Ni(OH),_(A""),,-yH,0, where x=
0.2-0.4, y=0.6-1, and A =chloride, sulfate, nitrate, carbon-
ate, or other anions.” In contrast, p-nickel hydroxide has a
well-ordered brucite-like structure without any intercalated
species,® and the layers are perfectly stacked along the ¢
axis with an interlamellar distance of 4.6 A. Therefore, the
main structural analogy between a- and 3-Ni(OH), phases is
stacking of Ni(OH), layers along the ¢ axis,®! and the main
difference is whether intercalated anions or water molecules
are present or not.

Metal-substituted nickel hydroxides are made by partial
substitution of Ni** ions in the nickel hydroxide layers by
trivalent or divalent cations such as Zn,®" Al1IY Co 7]
Fe,™ and Mn,™@ among which zinc has been intensively
studied. The main effects of zinc cations are prolonged sta-
bility in the KOH electrolytic medium® and preventing the
formation of y-NiOOH on overcharge in concentrated elec-
trolyte.’! However, other interesting intrinsic properties of
zinc-substituted nickel hydroxide materials have rarely been
reported. General techniques for their preparation include
the co-precipitation method!®'*!* and homogeneous precipi-

Chem. Eur. J. 2008, 14, 8928 —8938



tation with hydrolysis of ureal'!! or hexamethylenetetramine
(HMT).™ In the former method, although the metal-substi-
tuted nickel hydroxide could be routinely obtained by em-
ploying nickel salts, metal salts, and bases such as LiOH!">4
and NaOH, the resulting products have low crystalline
quality™ and hence poor reproducibility," and they often
require a subsequent hydrothermal process." In the second
method, although the homogeneous precipitation can be
successfully controlled by the stepwise hydrolysis of urea or
HMT to synthesize well-crystallized materials.”*® no at-
tempt has been made to provide another controllable
method which can effectively achieve homogeneous precipi-
tation.

Here, we report that zinc-substituted nickel hydroxide
nanostructures can be synthesized by a new controllable
method involving homogeneous precipitation in the pres-
ence of a nanostructured reactant and ammonia. The struc-
ture, morphology, and chemical composition of the zinc-sub-
stituted nickel hydroxide nanostructures can be effectively
controlled by facile adjustment of the initial molar ratio of
nickel salts to the reactant. The evolution process of the
structure, morphology, and chemical composition of the
products is investigated. Moreover, a coordinative homoge-
neous precipitation mechanism is proposed to explain the
formation process of zinc-substituted nickel hydroxide nano-
structures. As-synthesized zinc-substituted nickel hydroxide
nanostructures exhibit some interesting intrinsic properties,
and have potential as multifunctional materials due to their
useful optical, magnetic, and electrical properties.

Results and Discussion

Structure and morphology analysis of zinc-substituted nickel
hydroxide nanostructures

XRD analysis: X-ray diffraction showed that as-synthesized
samples have undergone transformation from o-Ni(OH),
phase to $-Ni(OH), phase. Figure 1 shows XRD patterns of
the precursor and as-synthesized samples 1-5 obtained with
the same amount of ammonia at different molar ratio of
nickel salts to the zinc reactant by hydrothermal treatment
at 120°C for 12 h. The XRD pattern of the precursor in Fig-
ure la corresponds to the well-crystallized
Zns(OH),Cl,-H,O phase (JCPDS card number 72-0922)
with a hexagonal lattice (a=6.34, c=23.64 A). The XRD
pattern of samples 1-3 (Figure 1b-d) has the characteristic
diffraction peaks of a-Ni(OH), phase (JCPDS card number
38-0715). The values of d(00i) are determined by the thick-
ness of the brucite-like layer and the nature of the interlayer
anions!''® The dy; value of sample 2 is 8.07 A, which is
larger than the literature value of 7.79 A for the d spacing
of Ni(OH),,"?7 and such change in the dy, values could
also be confirmed by HRTEM analysis.**?! Such a differ-
ence in spacing may correspond to the amounts of water
and Cl” anions intercalated between the octahedral
Ni(OH), layers, or to different amounts of zinc cations sub-
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Figure 1. XRD patterns of a) the precursor Zns(OH);Cl,-H,0 and sam-
ples synthesized by hydrothermal reaction of a solution comprising
Zns(OH)sCl,H,O (0.08 mmol), ammonia (3.5mL; 25-28 wt%), and
double-distilled water (42 mL) at 120°C for 12 h with different amounts
of NiClL,-6H,0: b)02mmol (samplel), c)0.3mmol (sample 2),
d) 0.5mmol (sample 3), ¢)0.7mmol (sample4), and f)0.9 mmol
(sample 5). The experimental results are summarized in the Supporting
Information, Table S1.

stituting for nickel cations in the Ni(OH), layers.**! The
peaks in the XRD pattern of sample 5 (Figure 1 f) can be in-
dexed as a hexagonal B-Ni(OH), phase, in good agreement
with standard values (JCPDS card number 74-2075). The
XRD pattern of sample 4 (Figure 1e) shows that the prod-
uct consists of two well-known phases, that is, a-Ni(OH),
and B-Ni(OH),.

FTIR analysis: FTIR spectra further confirm that samples 2
and 5 are a-Ni(OH), and B-Ni(OH), phases, respectively
(see Supporting Information, Figure S1). The FTIR spectra
of sample 2 clearly shows vibrational bands that are typical
of a-nickel hydroxide.”>? Broadening of the band centered
around 3450 cm™! is due to the vq y stretching vibrational
mode of H-bonded water molecules located in the interlam-
ellar space of the turbostratic structure of o-Ni(OH),.[%"!
The band around 1630 cm™ is attributed to the bending
mode of the interlayer water molecules.”™'® The strong
stretching vibrations in the region 1500-1000 cm ™' are due
to intercalated anions (CI7).'® The absorption at about
608 cm™! is ascribed to the 8y bending mode.”>*! The ab-
sorptions at about 514 and 467 cm™! can be assigned to dy;.o.
1 bending and vy; o stretching modes, respectively.”™ On the
other hand, the FTIR spectrum of sample 5 shows vibration-
al bands at about 3636, 1630, 1382, and 516 cm !, as are typi-
cally observed for B-nickel hydroxide.”'! A sharp peak at
about 3636 cm™' is due to stretching vibrations of non-hy-
drogen-bonded hydroxyl groups.”! The band around
1630 cm™! can be attributed to absorption of water mole-
cules.”™®1 Weak bands at about 1382 cm™' are due to ab-
sorption of Cl~ anions at the surface of sample 5. The
band at about 516 cm™' can be assigned to 8y bending
modes.

Thermogravimetric analysis (TGA): Both a- and p-nickel
hydroxides undergo two-step weight loss, and a-nickel hy-
droxide has a larger mass loss than B-nickel hydroxide.[*®
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The TGA curves of sample2 and 5 show different net
weight losses (see Supporting Information, Figure S2) of
28.76 and 20.70 wt %, respectively, for temperatures ranging
from 25 to 600°C. Sample 2 has a higher first-step weight
loss than sample 5. The first-step weight loss of a-nickel hy-
droxide is classically attributed to the loss of both adsorbed
water and part of the intercalated water,’***! while B-nickel
hydroxide just loses the absorbed water in the first step.!

Elemental analysis: From the elemental analyses (Table 1)
and TGA curves of the samples, it can be seen that small
parts of the anions and water molecules are intercalated in

Table 1. Elemental analysis data of samples 1-5.

Sample Ni Zn Cl Total
[Wt%] [wt%] [wt%] [wt%)]

48.72 4833 295 100
5021 4473  5.06 100
50.17 4258 7.25 100
63.50 34.67 1.83 100
72.80 2720 0 100

Chemical composition

NiZngo(OH);65Cly 1 (FH,0)1.36
NiZn 50(OH)3,45Clo.17(H,0)1 46
NiZng76(OH)3,25Clo24(H,0), 24
NiZn49(OH),,03Cly 0s(H,0)0.74
NiZny34(OH), 65

[ N I S e

the interlayers of a-Ni(OH),. More importantly, zinc cations
have successfully substituted part of the nickel cations in the
nickel hydroxide nanostructures. On the basis of the result
of TGA analysis and elemental analysis, the chemical com-
position of the samples can be formulated (Table 1). In our
experiments, the initial molar ratio of nickel cations to zinc
cations for samples 1-5 are 2:4, 3:4, 5:4, 7:4, and 9:4, respec-
tively. Thus, compared with the initial molar ratio of nickel
cations to zinc cations, the final ratio of the two ions in the
zinc-substituted nickel hydroxide samples shows a gradual
change from sample 1 to sample 5. For samples1 and 2,
some of the zinc cations fail to take part the reaction. For
sample 3, the two ions react with each other completely. For
samples 4 and 5, the same nickel cations are not involved in
the reaction. These results demonstrate that a series of zinc-
substituted nickel hydroxide nanostructures with different
Zn contents can be synthesized by using this facile method.
The general molecular formula can be summarized as
NiZn,(Cl),(OH)(1 4,2 H,O (x=0.34-0.89, y=0-0.24, z=
0-1.36).

Morphological analysis: The nanostructured zinc precursor
and zinc-substituted nickel hydroxide nanostructures have
interesting morphological characteristics. Figure 2a shows
an SEM image of a typical reactant composed of many hex-
agonal nanoflakes. Figure 2b and ¢ show that sample 2 con-
sists of uniform 3D flowerlike nanostructures. Clearly, the
entire structure is built from dozens of nanosheets with
smooth surface. These smooth nanosheets are 20-30 nm
thick and 0.6-2.0 ym wide, and they are connected to each
other randomly to form 3D flowerlike nanostructures. The
selected-area electron diffraction (SAED) pattern recorded
along the [001] zone axis shows a typical single-crystalline
nature (Figure 2¢), which is similar to that of the hexagonal

8930 ——

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. SEM images of a) the reactant and b) sample 2. ¢) TEM image
of sample 2. d) TEM image of a single nanosheet, obtained by strong su-
personic vibration of the sample prior to preparation for TEM analysis.
e) A typical electron diffraction pattern taken on a piece of extended
nanosheet of the flowerlike nanostructure along the [001] direction.
f) HRTEM image of the structure.

0-Ni(OH), phase. A lattice-resolved HRTEM image (Fig-
ure 2f) shows an interlamellar spacing of about 2.65 A,
which corresponds to the lattice spacing of the (101) plane.

Figure 3 a—c show that sample 5 is composed of “stacks-of-
pancakes” nanostructures which are formed from nano-
sheet building blocks with layer-by-layer stacking structure.

1 pm—"

Figure 3. a) SEM image and b and c¢) TEM images of sample 5. d) TEM
image of a typical single sheet, obtained by strong ultrasonic treatment
of the sample prior to preparation for TEM analysis. e) A typical select-
ed-area electron diffraction pattern taken on a piece of extended nano-
sheet of the nanoflower along the [001] direction. f) HRTEM image
taken on the selected area in d).

The SAED pattern (Figure 3e), which can be attributed to
[001] zone axis diffraction, suggests that the stacks-of-pan-
cakes structure is a single crystal, close to the hexagonal (3-
Ni(OH), phase. A representative HRTEM image (Fig-
ure 3f) shows that lattice fringes are structurally uniform
with a lattice spacing of 2.30 A, which is good agreement
with the d value of the (002) plane of the hexagonal {3-
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Ni(OH), phase, that is, stacks of the hierarchical structure
have a preferential [001] growth direction. The above char-
acterization data indicate that both the zinc-substituted o-
Ni(OH), flowerlike structure and zinc-substituted @3-
Ni(OH), stacks-of-pancakes structure are built from nano-
sheets that are single-crystalline and have identical crystal
orientation. Samples1 and 3 have similar 3D flowerlike
nanostructures to sample 2, and sample 4 has not only 3D
flowerlike nanostructures, but also some hexagonal sheets
(see Supporting Information, Figure S3). Thus, the samples
undergo a morphological evolution process from 3D flower-
like architectures to stacks-of-pancakes nanostructures with
decreasing zinc content.

Formation process of zinc-substituted nickel hydroxide
nanostructures

Effect of temperature: Temperature plays a critical role in
this new synthetic method. For example, when other reac-
tion conditions for synthesis of sample 2 are kept constant,
temperature has significant influence on the structure and
morphology. In the range of 80-120°C, the samples can be
indexed as a-nickel hydroxide (Figure 4a, b and Figure 1c¢)
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Figure 4. XRD patterns of samples prepared by hydrothermal reaction of
a solution comprising NiCl,-6H,0 (0.3 mmol), Zns(OH);Cl,-H,O
(0.08 mmol), ammonia (3.5 mL; 25-28 wt %), and double-distilled water

(42mL) for 12h at different temperatures: a) 80 (sample 6), b) 100
(sample 7), c) 140 (sample 8), d) 160°C (sample 9).

and have 3D flowerlike nanostructures (see Supporting In-
formation, Figures S4a, b and Figure 2). When the tempera-
ture increases to 140°C, a mixed product made of a-
Ni(OH), and B-Ni(OH), phases is obtained (Figure 4¢). The
SEM image (see Supporting Information, Figure S4c) shows
that the final product includes not only 3D flowerlike archi-
tectures, but also hexagonal nanosheets. However, when the
temperature rises to 160°C, the XRD pattern (Figure 4d)
clearly reveals that the well-crystallized B-nickel hydroxide
phase and hexagonal ZnO phase (JCPDS card number 05-
0664) are formed. The SEM image shows two different mor-
phologies of hexagonal nanosheets and hexagonal rods (see
Supporting Information, Figure S4d).
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Effect of the initial amount of ammonia: Further studies re-
vealed the key role of the initial amount of ammonia in this
new synthetic method. Previously, addition of ammonia to
the aqueous reaction system was reported to largely increase
the solubility of the reactant.”! Besides, ammonia displays
strong propensity for complexation of nickel cations.*"]
While the other reaction conditions for the synthesis of
sample 2 were kept constant, six experiments were per-
formed with different amounts of ammonia. In a control ex-
periment without adding ammonia, the final products were
the Zns(OH)yCl,H,0 phase and well-crystallized ZnO
phase, as confirmed clearly by the XRD pattern (Figure 5a).
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Figure 5. XRD patterns of samples prepared by hydrothermal reaction of
a solution comprising NiClL-6H,O (0.3 mmol), Zns(OH);Cl,-H,O
(0.08 mmol), and double-distilled water (42 mL) at 120°C for 12 h with

different amounts of ammonia (25-28 wt%): a) 0 (sample 10), b)2.5
(sample 11), ¢) 4.5 (sample 12), d) 5.5 (sample 13), e) 6.5 mL (sample 14).

Hexagonal rods and irregular plates are obtained, and the
plates have some large or small holes at the surface (see
Supporting Information, Figure S5a). Therefore, when no
ammonia coordinates to the reactant and nickel cations to
form complexes, only part of the reactant dissolves to form
ZnO hexagonal nanorods, and the nickel cations do not par-
ticipate in the reaction. When the amount of ammonia is in-
creased to 2.5mL, the XRD pattern (Figure 5b) indicates
that the products are a-Ni(OH), and ZnO phases. Flower-
like 3D nanostructures and hexagonal rods are formed (see
Supporting Information, Figure S5b). With amounts of am-
monia of 3.5, 4.5, and 5.5 mL, the samples are still a-nickel
hydroxide phase, as shown in Figures 1¢ and Sc, d, and all
particles have similar 3D flowerlike nanostructures (see
Supporting Information, Figure S5c—e). However, once the
amount of ammonia is increased to 6.5 mL, the well-crystal-
lized P-nickel hydroxide phase forms (Figure Se) and has
the stacks-of-pancakes morphology™®! (see Supporting Infor-
mation, Figure S5f).

Effect of the nanostructured zinc precursor: The nanostruc-
tured zinc precursor plays a crucial role in the formation of
the zinc-substituted nickel hydroxide structures. When the
initial amount of nickel cations is 0.3 mmol, 3D flowerlike
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a-nickel hydroxide nanostructures are formed. In contrast,
using the same molar amount of zinc salts such as ZnCl, in-
stead of the zinc nanostructured precursor, and keeping
other conditions constant, gives hexagonal nanosheets with
a diameter of about 1 um and an approximate thickness of
200 nm (Figure 6), and the product is a mixture of f3-

Figure 6. SEM image of sample 15 prepared by hydrothermal reaction of
a solution comprising NiCl,-6 H,0O (0.3 mmol), ZnCl, (0.08 mmol), ammo-
nia (3.5mL; 25-28 wt %), and double-distilled water (42 mL) in 120°C
for 12 h.

Ni(OH), phase and ZnO phase, as confirmed by XRD anal-
ysis (see Supporting Information, Figure S6).

Formation process of zinc-substituted [-nickel hydroxide
nanostructures: To elucidate the formation process of stacks
of pancakes of the zinc-substituted -nickel hydroxide nano-
structures, time-dependent experiments were performed.
The morphological evolution proceeds from a-Ni(OH),
nanosheets to intermediate a-Ni(OH), hexagonal platelets
and finally to B-Ni(OH), stacks-of-pancakes architectures.
When the hydrothermal reaction proceeds at 120°C for
0.5 h, as-synthesized nanosheets connect to each other to
form flowerlike particles which are the reaction precursors
of the LDH phase (Figure 7a). The XRD pattern in Fig-
ure 8a shows that only pure a-Ni(OH), phase is obtained,
but its crystallinity is poor. As the reaction proceeds, some
hexagonal platelets form and connect to generate flowerlike
architectures composed of many interlinked nanosheets
(Figure 7b and Figure S7a—c, Supporting Information). The
hexagonal platelets may be formed by a transformation pro-
cess of the nanosheets. The XRD pattern in Figure 8b
agrees well with the standard XRD pattern for a-Ni(OH),
phase.

After 4 h of reaction, hexagonal columns are present and
some nanosheets connect with them (Figure 7¢ and Figur-
e S7d, Supporting Information). Simultaneously, some flow-
erlike nanostructures which connect to the hexagonal col-
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Figure 7. SEM images of samples prepared by hydrothermal reaction of a
solution  comprising NiClL,,6 H,O (0.9 mmol), Zns(OH);Cl,-H,O
(0.08 mmol), ammonia (3.5 mL; 25-28 wt %), and double-distilled water
(42mL) in 120°C for different reaction periods: a) 0.5 (sample 16), b) 2
(sample 17), c) 4 (sample 18), d) 8 h (sample 19).
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Figure 8. XRD patterns of samples prepared by hydrothermal reaction of
a solution comprising NiClL-6H,0 (0.9 mmol), Zns(OH):Cl,-H,O
(0.08 mmol), ammonia (3.5 mL; 25-28 wt %), and double-distilled water
(42mL) at 120°C for different reaction periods: a) 0.5 (sample 16), b) 2
(sample 17), c¢) 4 (sample 18), d) 8 h (sample 19).

umns decompose more completely. Thus, flowerlike nano-
structures can be seen to gradually change into hexagonal
columns. The XRD pattern in Figure 8c shows that o-
Ni(OH), and p-Ni(OH), phases coexist. The appearance of
B-Ni(OH), phase may correspond to the thickening process
of hexagonal platelets. When the reaction time is 8 h, hexag-
onal column morphology is exclusively present and the flow-
erlike nanostructures have disappeared (Figure 7d). The
XRD pattern (Figure 8d) matches well with that of pure 8-
Ni(OH), phase. Finally, when the reaction time is prolonged
to 12 h, the sample is composed entirely of the stacks-of-

Chem. Eur. J. 2008, 14, 8928 -8938
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pancakes morphology of the
pure [B-Ni(OH), phase (Fig-
ures 3, 1f).

Formation process of zinc-sub-
stituted  a-nickel  hydroxide
nanostructures: In the case of
the flowerlike zinc-substituted
a-nickel hydroxide nanostruc-
tures, the time-dependent
shape-evolution process was ex-
amined while the initial amount
of nickel cations was kept at
0.3 mmol. After hydrothermal
reaction at 120°C for 0.5h,
nanosheets that are flexible and
randomly bent (see Supporting
Information, Figure S8a, e, f)
form and connect with each
other. The nanosheets consist
of pure o-Ni(OH), phase (see
Supporting Information, Figure
S9a), and the d; value for the
interlayer distance is about

= — Precursor

N Ostwald
7.54 A. As the reaction time is ripening
prolonged up to 2, 4, and 8h, Step 5

the 3D architectures grow grad-
ually and some flowerlike mor-
phology appears (see Support-
ing Information, Figure S8b—d).
Simultaneously, pure a-
Ni(OH), phase is formed (see
Supporting Information, Figur-
e S9b—d) and the d,; values are
about 7.66 A, 7.99 A, and 8.01 A, respectively. When the re-
action time is prolonged to 12 h, the resulting sample 2 is
composed entirely of 3D flowerlike nanostructures
(Figure 3) of pure a-Ni(OH), phase with a dy; value of
about 8.07 A (Figure 1c).

= — Precursor

Formation mechanism of zinc-substituted nickel hydroxide
nanostructures

Morphological evolution process: On the basis of the above
results, the scheme illustrated in Figure 9a is proposed for
growth process of zinc-substituted p-nickel hydroxide nano-
structures. Such a process is different from those reported
earlier. Hochepied et. al® described a mechanism involving
oriented attachment of platelets in perfect parallel orienta-
tion with respect to one another and partial recrystallization
in the core of the particles leading to -Ni(OH), stacks-of-
pancakes morphology. Zhu et. al®?'! reported the formation
of nickel hydroxide nanocolumns by stacking of oriented
Ni(OH), nanosheets.

In our experiments, ammonia can act as a ligating agent
for nickel cations and the reactant to form complexes. The
complexes are stable in alkaline systems at ambient temper-
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Figure 9. Schematic illustration of the morphological evolution of zinc-substituted B-nickel hydroxide nano-
structures (a) and zinc-substituted a-nickel hydroxide nanostructures (b).

ature, but as the temperature increases, their stability de-
creases.”! In the second growth stage, reaction of OH~ with
the complex could cause the bonds between the nickel cat-
ions and ammonia to become weaker and bonds between
Ni** and OH™ to form gradually at the reaction tempera-
ture. The initially precipitated Ni(OH), may dissolve and in-
corporate zinc cations.'"”! At the same time, when zinc cat-
ions substitute nickel cations in the nickel hydroxide layers,
the anions (Cl7) and/or molecular water are intercalated in
the layers, and zinc-substituted LDH phase is formed. In the
third step, based on a self-assembly process, the LDH
phases develop by stacking along the c axis to yield the final
nanosheets. In step 4, due to the effect of Ostwald ripening,
the sample changes from a-Ni(OH), nanosheets to a-
Ni(OH), hexagonal platelets, because the hexagonal plate-
lets are thermodynamically stable and can easily be synthe-
sized. In step 5, more and more a-Ni(OH), nanosheets are
transformed, and the «-Ni(OH), hexagonal platelets
become thicker and grow gradually into hexagonal columns.
At the same time, the hexagonal columns change from o-
Ni(OH), phase to [B-Ni(OH), phase. In step 6, the a-
Ni(OH), nanosheets totally disappear, and the hexagonal
columns consist of pure P-Ni(OH), phase. Finally, -
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Ni(OH), hexagonal columns turn into the 3-Ni(OH), stacks-
of-pancakes morphology, in which hexagonal platelets have
perfect parallel orientation with respect to each other
other.?!

The whole growth process of zinc-substituted a-nickel hy-
droxide nanostructures is summarized in Figure 9b. Howev-
er, such a process is neither consistent with previous reports
on 3D flowerlike structures from a so-called two-stage
growth process consisting of fast nucleation of amorphous
primary particles followed by slow aggregation and crystalli-
zation of primary particles,? nor with the report by Li et al.
on a one-step self-assembly process leading to spherelike o-
Ni(OH),, in which HMT acts as the nucleation center and
helps to form the Ni(OH), gel.?”? In the case of the flower-
like zinc-substituted o-nickel hydroxide nanostructures, the
growth process is similar to that of the stacks-of-pancakes
zinc-substituted B-nickel hydroxide nanostructures. First, the
nickel cations and the reactant form complexes with ammo-
nia; then, with increasing time, the zinc-substituted LDH
phase and nanosheets consisting of pure a-Ni(OH), phase
gradually form. Finally, nanosheets form and connect to
each other generate 3D flowerlike architectures, due to Ost-
wald ripening in terms of the principle of minimal structural
change.” In the whole process of morphology evolution,
the samples are always pure o-Ni(OH), phase.

Formation mechanism of zinc-substituted nickel hydroxide
nanostructures: Layered double hydroxides can be formed
from aqueous solutions by coprecipitation and homogeneous
precipitation methods.” The co-precipitation mechanism is
determined by the rate of dissolution of the individual hy-
droxides, while the homogeneous precipitation method is
controlled by the formation of heteronuclear hydroxo pre-
cursor complexes.” Homoge-

neous nucleation of zinc-substi-

areas of the same nanosheet have the same atomic percen-
tages of nickel and zinc, but also the same atomic percentag-
es of nickel and zinc are found in different nanosheets.
Therefore, the chemical composition of the samples further
confirms that the homogeneous nucleation process takes
place in the initial stage and forms zinc-substituted LDHs.
For reaction times from 0.5 to 12 h, the EDX data suggest
that the atomic percentage of zinc samples gradually under-
goes a slight decrease (Table 2 and Supporting Information,
Figure S11). This may be due to some of the unstable zinc

Table 2. EDX data of samples prepared by hydrothermal reaction of a
solution  comprising NiClL,,6H,0 (0.3 mmol), Zns(OH);Cl,-H,O
(0.08 mmol), ammonia (3.5 mL; 25-28 wt %), and double-distilled water
(42mL) at 120°C for different reaction times: 0.5 (sample 20), 2
(sample 21), 4 (sample 22), 8 (sample 23), and 12 h (sample 2).

Sample Morphology Ni Zn
[atom %] [atom %]

20 nanosheets 65.76 34.24

21 nanosheets and flowerlike nanostructures 65.61 34.39

22 nanosheets and flowerlike nanostructures 68.07 31.93

23 nanosheets and flowerlike nanostructures 69.66 30.34

2 flowerlike nanostructures 71.38 28.62

cations in the structure dissolving during the Ostwald ripen-
ing process.

In the case of zinc-substituted (-nickel hydroxide nano-
structures, EXD analysis was performed on nanosheets, hex-
agonal sheets, hexagonal columns, and stacks-of-pancakes
structures for reaction times from 0.5 to 12 h. The EDX
data showed that the nanosheets show a small increase in

Table 3. EDX data of samples 16-19 and 5.

tuted LDHs takes place with

s S 1 Morphol Ni Z Morphol Ni Z

slow decomposition of the com- ampe Orphology Lo o OrPhoTogy o v
[atom%]  [atom %] [atom%]  [atom %]

plex, and the rate of decompo-
... f th lex i ... 16 nanosheets 73.55 26.45
sition of the complex 1s a critl- 5 nanosheets  73.13 26.87 hexagonal sheets 71.80 28.20
cal variable in the homogene- 18 nanosheets 7624 2376 hexagonal columns 73.44 26.56
ous nucleation process. In pre- 19 stacks-of-pancakes structures  80.68 19.32
vious reports, only the rate of 5 stacks-of-pancakes structures ~ 86.97 13.03

hydrolysis could compete favor-

ably with homogeneous forma-

tion of the hydroxo precursor.® In our experiments, the re-
actant and nickel cations first form complexes with ammo-
nia that can gradually decompose under hydrothermal con-
ditions. Thus, we propose a new mechanism, called the coor-
dinative homogeneous precipitation mechanism, in which
the rate of decomposition of the complex determines the
homogeneous nucleation of the zinc-substituted LDHs.

To further elucidate the coordinative homogeneous pre-
cipitation mechanism, we systemically studied the evolution
of the chemical composition of the products. In the case of
zinc-substituted a-nickel hydroxide nanostructures, energy-
dispersive X-ray (EDX) spectra (see Supporting Informa-
tion, Figure S10 and Table S2) show that not only different
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nickel atomic percentage and a slight decrease in zinc
atomic percentage with increasing time (Table 3 and Sup-
porting Information, Figure S12). In the same time period,
the hexagonal sheets, hexagonal columns, and stacks of pan-
cakes also show a slight increase in the nickel atomic per-
centage and correspondingly a small decrease in zinc atomic
percentage. However, for a given sample, the nickel atomic
percentage of the nanosheets is slightly larger than those of
the hexagonal sheets, hexagonal columns, and stacks of pan-
cakes. A detailed explanation of the changes in chemical
composition during the time-dependent evolution process is
under further exploration.
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Chemical and physical properties of zinc-substituted nickel
hydroxide nanostructures

BET surface area: Because of the novel 3D hierarchical
structures of the zinc-substituted nickel hydroxide nano-
structures, we determined their specific surface areas by
BET measurements on an ASAP-2000 surface-area analyzer
(see Supporting Information, Figure S13 for nitrogen ad-
sorption/desorption isotherms). The BET surface areas of
samples 1-5, calculated from nitrogen adsorption isotherms,
are 73.425, 70.296, 42.209, 25.808, and 1.046 m>g, respective-
ly. Thus, the 3D flowerlike structures of samples1 and 2
have greater BET surface areas than the stacks-of-pancakes
nanostructures of sample 5. Furthermore, from sample 1 to
sample 5, the Zn content gradually decreases from 48.33 to
27.20%, while the BET surface areas decreases from 73.43
to 1.046 m?g. Therefore, the lower the Zn content, the lower
BET surface area of the sample.

Chemical stability: The chemical stability of zinc-substituted
nickel hydroxide samples in strongly alkaline medium was
determined by powder XRD measurement after immersion
of samples in 6M KOH solution at room temperature for
40 d. The XRD patterns in Figure 10a and b indicate that
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Figure 10. XRD patterns of samples immersed in 6 mol L' KOH solution
for forty days. a—e) Samples 1-5, respectively.

post-treatment samples 1 and 2 are also a-Ni(OH), phase
with characteristic diffraction peaks around 8 A and a broad
asymmetric band at about 2.66 and 1.54 A. The new peaks
corresponding to d=3.86 and 2.56 A can also be indexed as
the diffractions of a-Ni(OH), phase due to disorder of the
LDH.® These results indicate that the structure of zinc-sub-
stituted a-Ni(OH), samples can be made more disordered in
strongly alkaline medium. The XRD patterns in Figure 10c
and for samples 3 and 4 after treatment correspond to o-
and (-Ni(OH), phases. The XRD pattern in Figure 10e
shows that sample 5 after treatment remains the (3-Ni(OH),
phase, consistent with a previous report.

To our knowledge, the zinc-substituted materials, especial-
ly a-Ni(OH), phase (samples 1 and 2), have superior chemi-
cal stability in alkaline medium. On the basis of literature
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

reports,’® we believe that this high stability may be attrib-
uted to the substitution of zinc cations. Tessier et al.” re-
ported that the presence of zinc cations in tetrahedral sites
of the interslab space links the successive slabs, increases
structural cohesion, and improves the electrochemical prop-
erties of the nickel hydroxide electrodes. This property
could make this material more suitable as a positive elec-
trode in alkaline batteries.

Optical properties: UV/Vis/NIR absorption spectra
(Figure 11) with the incident light aligned perpendicular to
the samples show that samples 1-5 have similar absorption
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Figure 11. UV/Vis/NIR absorption spectra of a)sample 24 prepared by
hydrothermal reaction of a solution comprising NiCl,-6 H,O (0.3 mmol),
ammonia (3.5mL; 25-28 wt%), and double-distilled water (42 mL) at
120°C for 12 h. b-f) Samples 1-5, respectively.

characteristics with absorption peaks centered at 390, 660,
1140, 1420, 1958, 2266, and 2353 nm. Thus, the ultraviolet
(100400 nm), visible (400-760 nm), and near-infrared (760—
5600 nm) regions all have absorption peaks. Sample 24,
which is pure -Ni(OH), phase of irregular morphology (see
Supporting Information, Figure S14a,b) without any Zn con-
tent, has a different absorption spectrum (Figure 11a), in
which the peaks centered at 1958 and 2226 nm are absent
and the peak centered at 2342 nm is stronger.

The room-temperature photoluminescence (PL) spectrum
of the samples are depicted in Figure 12. The PL spectrum
of sample 1 (Figure 12a) displays a strong green emission
peak centered at 555nm (2.23 eV). Sample 2 has a weak
blue emission peak centered at 440 nm (2.82eV) and a
strong green emission peak centered at 500 nm (2.48 eV)
(Figure 12b), sample 3 has a strong blue emission peak cen-
tered at 440 nm (2.82 eV; Figure 12¢), and samples 4 and 5
(Figure 12d and e) display similar PL spectra with strong
blue emission peaks centered at 440 nm (2.82 eV) and weak
purple emission peaks centered at 418 nm (2.97 eV). Impor-
tantly, the PL spectra of zinc-substituted nickel hydroxide
samples 1-5 are dependent on Zn content. They show blue-
shifts over a large range from 555 to 418 nm with decreasing
Zn content (from 48.33 to 27.20% in samples 1-5, respec-
tively). In comparison, sample 24 has a strong blue emission
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Figure 12. Top: PL spectra at 295 K of a—e) samples 1-5, respectively. The
excitation wavelength was 340 nm. Bottom: Optical photographs of sam-
ples 1-5.

peak centered at 440 nm (2.8182 eV) and weak purple emis-
sion peaks centered at 406 nm (3.0542 eV; see Supporting
Information, Figure S14c). In addition, optical photographs
of samples 1-5 show gradual color changes from the azure
to green (Figure 12).

To the best of our knowledge, the optical properties of
zinc-substituted nickel hydroxide nanomaterials have rarely
been reported so far. Delmas et al. reported that UV/Vis ab-
sorption bands of cobalt-substituted nickel hydroxide are re-
lated to the nickel and cobalt ions, as well as to the valences
of the ions.**?! Similarly, in our experiment, the UV/Vis/
NIR absorption spectra of the samples are related to the
nickel or zinc ions and their valence. As a result, the sam-
ples display similar absorption characters, and the Zn*" ions
are in the high-spin state and correspond to the 1958 and
2226 nm optical transitions. Furthermore, the complicated
PL spectra of samples may result from the structure, mor-
phology, and structural defects due to substituent zinc ions
and intercalated anions or water. More details of the mecha-
nism behind the optical spectra of the samples need to be
elucidated in future.

Magnetic properties: Figure 13 shows temperature-depen-
dent magnetization curves of the samples 1, 2, and 5 mea-
sured from 2 to 80 K with an external magnetic field of
100 Oe. Samples 1 and 2 exhibit the same magnetic behav-
ior, with a critical temperature of about 8 K. Sample 5 has a
critical temperature of about 20 K. Figure 14 shows the iso-
thermal magnetization loops measured at 4 K on a commer-
cial SQUID magnetometer for samples 1, 2, and 5. The hys-
teresis loops of samples 1 and 2 are similar and indicate fer-
romagnetic behavior. The coercivities of samples 1 and 2 are
58 and 83 Oe, respectively. The hysteresis loop of sample 5
shows antiferromagnetic behavior.
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Figure 14. Isothermal magnetization at 4K for a)samplel (o),
b) sample 2 (a), and c) sample 5 (0); the top-left inset shows the magni-
fied isothermal magnetization at 4 K for sample 1; the bottom-right insert
shows the magnified isothermal magnetization at 4 K for sample 2.

The magnetic properties of the a- and $-Ni(OH), materi-
als are highly dependent on the structure, morphology, mag-
netization direction, and the d spacing of the sample.”*3!
Samples 1 and 2 consist of pure a-Ni(OH), phase and their
magnetic properties with ferromagnetic order below 8 K are
similar. Such a magnetic character is in good agreement
with the magnetic behavior of a-Ni(OH),.**%3 Apparently,
for samples 1 and 2 with the same d,; spacing of 8.07 A,
through-space dipole—dipole interaction between layers be-
comes predominant and favors long-range ferromagnetic or-
der.431 Furthermore, samples 1 and 2 have a low coercive
field at 4 K, which may be ascribed to the synergy effect of
crystallinity, shape, surface, and single-ion anisotropies.'*
Sample 5 consists of pure $-Ni(OH), phase and its magnetic
properties show antiferromagnetic order below 20 K, which
is typically observed for B-Ni(OH),.*! Furthermore, for
sample 5 with dy;=4.6 A, superexchange interaction occurs
because of hydrogen bonding and may lead to antiferromag-
netic order.*3*3! Therefore, the magnetic properties of the
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samples are closely related to the structural features, and
the model of ferromagnetic layers interacting through dipo-
lar coupling can interpret well the magnetic behavior of
zinc-substituted nickel hydroxide nanostructures. Thus, it is
possible to flexibly control the magnetic behavior by care-
fully changing the structure of zinc-substituted nickel hy-
droxide nanostructures, and this could be useful both in fun-
damental research and future magnetic devices.

Electrochemical properties: Zinc-substituted nickel hydrox-
ide nanostructures have interesting electrochemical proper-
ties as electrode materials. Figure 15 shows the 10th cyclic
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Figure 15. Cyclic voltammograms of zinc-substituted nickel hydroxide

electrodes made from samples 2 (), 4 (m), and 5 (A) at 20°C and a scan
rate of 1.5mVs™.

voltammograms of the samples as electrodes at a potential
scanning rate of 1.5mVs~!. Although the samples all have
reversible peaks, their characteristics are different. The
reason for this is unclear, but it may be due to structural
and morphological changes, since zinc-substituted nickel hy-
droxide samples 2, 4, and 5 have different Zn contents of
44.73, 34.67, and 27.20 %, respectively. Table 4 shows the ef-

Table 4. Reduction potential Eg, oxidation potential E, oxygen-evolu-
tion potential Eqp, Eq—Eg, and Eqg—E for electrodes made from sam-
ples 2,4, and 5 at 20°C.

Sample Ex Eq Eog Eqo—Egx Eog—Eo

[mV] [mV] [mV] [mV] [mV]
2 420 611 700 191 89
4 455 553 709 98 156
5 435 549 593 114 44

fects of Zn content on the oxidation potential E,, oxygen-
evolution potential Eqg, and reduction potential E. The de-
crease in Zn content from sample 2 to sample 5 reduces the
E, of the electrodes and the intensities of £, and Egi. The
differences E,—FEy can characterize the reversibility of the
electrode reaction, and smaller values imply more electrode
reversibility.®” The Eo—FEy data in Table 2 indicate that
sample 4 has relatively high electrode reversibility. The dif-
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ferences Eqog—FEo are taken as a measure of the perfor-
mance of the electrode.’! The higher Eoz—FE, value of
sample 4 allows the electrode made of this material to be
charged fully before oxygen evolution and exhibit much
better electrochemical-cyclic properties. Therefore, the zinc-
substituted nickel hydroxide nanostructures show good elec-
trode reversibility and could have major potential as posi-
tive-electrode materials.

Conclusions

Zinc-substituted nickel hydroxide nanostructures have been
synthesized for the first time from the flakelike nanostruc-
tured precursor Zns(OH);Cl,-H,O by the so-called coordina-
tive homogenous precipitation method. By simply adjusting
the initial experimental conditions, we can effectively con-
trol the structure, morphology, and chemical composition of
the zinc-substituted nickel hydroxide nanostructures. Several
parameters were found to play key roles in the formation of
such structures: temperature, the amount of the ammonia,
and the nature of the reactant. In this new method, although
the zinc-substituted a-and (-nickel hydroxides have similar
morphology to those previously reported, their growth pro-
cess are different. The coordinative homogenous precipita-
tion mechanism is used to explain the formation process of
the zinc-substituted nickel hydroxide nanostructures formed
in present reaction system. The zinc-substituted nickel hy-
droxide nanostructures have potential as multifunctional
materials due to their interesting optical, magnetic, and elec-
trical properties.

Experimental Section

Chemicals: All chemicals were purchased in analytical grade from Shang-
hai Chemical Reagents Company and used without further purification.

Preparation of Zny(OH);Cl,H,O precursor: The precursor
Zns(OH)4Cl,-H,O can be easily synthesized by a simple and reproducible
method. In a typical synthesis, 100 mL of 2 molL"" ZnCl, solution was
added into a beaker and maintained at 80°C in an electric oven for 3 h,
during which it formed an ionic-liquid-like solution. Then, 25 mL of the
Zn(l, solution was transferred to another beaker, and ethylenediamine
(0.5 mL) was slowly dropped into it with magnetic stirring. A white pre-
cipitate formed, and the beaker was kept at 80°C in an oven for a further
12 h. Finally, the white precipitate was filtered off, washed with double-
distilled water several times, and dried in a vacuum oven at 60°C for 3 h.

Preparation of zinc-substituted nickel hydroxide nanostructures: In a typ-
ical experiment, Zns(OH);Cl,-H,O (0.0440 g) and a suitable amount of
NiCl,-6 H,O were added to double-distilled water (42 mL). Then aqueous
ammonia solution (3.5 mL, 25-28 wt %) was added to the mixed solution
with stirring until the solution became clear. The solution was put into a
50 mL Teflon-lined autoclave. After being sealed, the autoclave was
heated at 120°C for 12 h. After hydrothermal treatment, the pale green
or blue-green precipitate was separated from the solution by centrifuga-
tion, washed with doubly distilled water and absolute ethanol, and dried
at 60°C for 24 h in vacuo. The complete experimental results are sum-
marized in the Supporting Information, Table S1.

Chemical stability of zinc-substituted nickel hydroxide nanostructures:
The chemical stability of the synthesized nickel hydroxide samples was
examined by immersing 0.5 g of powder in 6M KOH solution at room
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temperature for 40 days. After immersion, the products were collected by
centrifugation, washed by deionized water and absolute ethanol, and
dried at 60°C for 24 h in vacuo.

Characterization: Powder X-ray diffraction (XRD) analyses were carried
out on a Philips X’Pert PRO SUPER X-ray diffractometer equipped
with graphite monochromatized Cuy, radiation (A=1.54056 A). Trans-
mission electron microscopy (TEM) was performed on a Hitachi (Tokyo,
Japan) H-800 transmission electron microscope at an accelerating voltage
of 200 kV, and high-resolution TEM (HRTEM) on a JEOL-2011 operat-
ed at an acceleration voltage of 200 kV. EDX spectra were recorded with
a JEOL-2011 transmission electron microscope. X-ray photoelectron
spectroscopy (XPS) was preformed with an ESCALAB 250 X-ray photo-
electron spectrometer (Thermo-VG Scientific). FTIR spectra were mea-
sured on a Bruker Vector-22 FTIR spectrometer. The UV/Vis/NIR spec-
tra was recorded on a DUV-3700 absorption spectra (Shimadzu Corpora-
tion). Thermogravimetric analysis (TGA) was carried out on a TGA-50
thermal analyzer (Shimadzu Corporation) with a heating rate of
10°Cmin' in flowing air. Dinitrogen adsorption was determined by BET
measurements with an ASAP-2000 surface-area analyzer. Elemental
analysis was performed by XRF-180 X-ray fluorescence spectrometry
(Shimadzu Corporation). Photoluminescence (PL) spectroscopy was car-
ried out at room temperature by using an He-Gd laser as excitation
source and a double-grating monochromator connected to a photocount-
ing system. The magnetic measurements on powdered samples enclosed
in a medical cap were carried out at 4 K by using a commercial SQUID
magnetometer (MPMS-XL) from Quantum Design Corp. The tempera-
ture-dependent magnetization was studied in an applied magnetic field of
100 Oe from 2 to 80 K.
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