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Abstract Sn-substituted «-Ni(OH), for Ni-MH battery is
prepared by supersonic coprecipitating method, using NiSO,
as nickel ion source and SnSO, as doping material. The crystal
structure and morphology of the samples were characterized
with X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), and scanning electron microscopy
(SEM). The results demonstrate that the crystal structure of
all samples changes from o/f3 mixed phase to pure « phase
and the interlayer spacing becomes larger with more Sn*"
substitution for Ni**, while the agglomeration particle size
decreases initially and then increases. The electrochemical
performances of the prepared nickel hydroxide were charac-
terized by cyclic voltammetry (CV) and charge-discharge
tests. The results reveal that 15 % Sn-substituted o-Ni(OH),
has best electrochemical performance, such as best reaction
reversibility, highest proton diffusion coefficient, the maxi-
mum discharge capacity (303.6 mAh/g at 0.2 C), and the
maximum capacity retention (maintaining 90.5 % after 30 cy-
clesat 0.2 C).
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Introduction

Ni-MH battery is widely used in power tools to electric vehi-
cles or hybrid electric vehicles, portable electronics, UPS, be-
cause of high power, high energy density, good safety [1, 2].
As is well-known, there are two polymorphs known as «- and
[3-phase, which in the oxidation process convert to y-NiOOH
and 3-NiOOH, respectively [3, 4]. Traditionally, 3-Ni(OH),
is widely used in commercial nickel-metal hydride (Ni/MH)
battery because of its high tap density and good stability in
strong alkaline electrolyte [5—8]. However, the theoretical spe-
cific capacity of 3-NiOOH (289 mAbh/g) is much less than that
of v-NiOOH (433 mAh/g), because the average nickel oxida-
tion state of 3-NiOOH is +3, while that of y-NiOOH is +3.67
or higher [8-12]. And, compared to (3-Ni(OH),, «-Ni(OH),
behaves no noticeable volume change during charge/
discharge cycling due to the similar lattice of &-Ni(OH),/y-
NiOOH, which is beneficial to keeping the capacity retention
during overcharging [8, 12—14]. But, &-Ni(OH), is unstable in
an alkaline electrolyte and easily converts to 3-Ni(OH),, lead-
ing to the rapid degradation of the nickel hydroxide [15-18]. In
order to prepare stabilized «-Ni(OH),, many works have been
focused on the preparation of x-Ni(OH), by partial substitution
of nickel ion in the nickel hydroxide lattice by other metal ions
for enhancing the stability of «-Ni(OH),, such as Al [8, 10, 16],
Cu [19], Zn [20], YDb [17], Fe [21], and Mn [22] ions.
According to the crystallography, 3-Ni(OH), is
isostructural with brucite and shows closely stacked two-
dimensional (2D) Ni(OH), principle layers, while «-Ni(OH),
is isostructural with hydrotalcite and shows hydroxyl-
deficient Ni(OH),_ host layers and interlayer species, such
as anions and water molecules [23, 24]. So, when Ni*" is
substituted by other metal ions, closely stacked two-
dimensional (2D) Ni(OH), principle layers convert to
hydroxyl-deficient Ni(OH),_, host layers, which lead to the
intercalation of species such as anions (e.g., SO, CO327)
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and water molecules into the interlayer. Meanwhile, the inter-
calation of species can enlarge the interlayer spacing and en-
hance the electrostatic force, which result in improving proton
diffusion coefficient and increasing the stability of &-Ni(OH),
[9, 20].

In previous studies, metal cations with closed shell-like ion
strutures (such as Ca®"-1s2s?2p®3s?3p®; Zn?"-
15%2s22p©3s23p©3d'%; Lu’*-15225%2p©3s23p©3d!°
454p®4d"04f*55%5p%; Y3 -15%25%2p%3573p®3d " %4s%4p°®) can
react with NiIOOH leading to the inhibition of electron transfer
and the increase of the voltage gap between the oxygen evo-
lution potential and the oxidation potential [25-28]. Sn** with
15%25%2p®3s73p®3d' 4s%4p°5s? electron configuration is also
closed shell-like ion struture, which is similar to Ca**, Zn*",
Lu*", and Y>". And, there is no related report about Sn-
substituted o-Ni(OH),. So, Sn** maybe can enhance the elec-
trochemical performance by increasing charging efficient. In
the present work, Sn-substituted «-Ni(OH), is prepared by
supersonic coprecipitation method. The effect of Sn content
on the structure, morphology, crystallinity, and electrochemi-
cal performance of «-Ni(OH), samples is studied in detail.

Experiment
Preparation of nickel hydroxide

The -Ni(OH), are prepared by supersonic coprecipitation
method at 50 °C. An aqueous solution of NaOH containing
appropriate amount of anhydrous sodium carbonate and am-
monia as buffer solution and an aqueous solution of mixed
NiSO4-6H,0, SnSO, with a certain molar ratio dissolved di-
lute sulfuric acid, which is to prevent Sn*>* from converting to
Sn(OH), by hydrolyzing as Eq. (1), are dropped into a mother
liquid synchronously under stirring. The drop rates are adjust-
ed to control the pH value at 9.00+0.10 by pH meter. The
agitation lasted 5 h after dropping is finished; supersonic is
employed in all above process. The suspension is aged for
12 h at 50 °C, followed by filtering and washing three times
to neutral and then dried to constant weight at 80 °C (sample C
obtained). The samples prepared by the Ni**/Sn** molar ratios

Table 1 Marked number for each sample

Marked number
for each electrode

Mole ratio for
powder sample

Marked number

Sample A Ni: Sn=1:0.05 Electrode a
Sample B Ni: Sn=1:0.10 Electrode b
Sample C Ni: Sn=1:0.15 Electrode ¢
Sample D Ni: Sn=1:0.20 Electrode d
Sample E Ni: Sn=1:0.00 /
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Fig. 1 XRD patterns of Sn-substituted o-Ni(OH)2 samples A, B, C, D,
and E

of 1:0.05, 1:0.10, 1:0.15, 1:0.20, and 1:0 are denoted as sam-
ple A, sample B, sample C, sample D, and Sample E, respec-
tively, which is listed as followed in Table 1.

Sn** + 2H,0=Sn(OH), + 2H* (1)

Preparation of nickel hydroxide electrodes

The nickel electrodes are prepared as follows: 8 wt.% samples
A, B, C, and D, 86 wt.% commercial micro-size spherical
nickel, 3 wt.% cobalt oxide, and 2 wt.% CMC are mixed
thoroughly with 1 wt.% PTFE solution. The paste obtained
is incorporated into nickel foam substrates with the geometri-
cal size 0f 2.5 cmx 2.5 cm. The obtained nickel electrodes a, b,
¢, d listed in Table 1 are dried at 80 °C and then mechanically
pressed under a pressure of 8 Mpa for 3 min to a thickness of
about 0.5 mm.

Physical characterization

The phase structure of the prepared samples is determined
by X-ray diffraction (XRD) using a D/max-IA X-ray dif-
fractometer with Cu K« radiation (k=1.54 A) at 36 kV and
20 mA. IR spectrum of the prepared samples are obtained
by Nicol ET6700 Fourier transform infrared spectrometer
(KBr, resolution of 4 cm™"). The surface morphology of the

Table 2 FWHM and d

values for (003) diffrac- FWHM003/(°)  doo3ynm

tion lines of samples A,

B, C, and D Sample A 2.351 0.7228
Sample B 2.288 0.7998
Sample C 1.977 0.8144
Sample D 2.221] 0.8156
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Fig.2 FT-IR spectra of Sn-substituted «-Ni(OH)2 samples A, B, C, and D

samples is identified by S-3400 N scanning electron mi-
croscope (SEM).

Electrochemical measurements

Electrochemical characterization is carried out in a standard
three electrode system: the prepared positive electrode, Hg/

S3400N 15.0kV 4.9mm x10.0k SE

' 5.00um S3400N 15.0kV 5.4mm x10.0k SE

Fig. 3 SEM morgraphs of a sample A; b sample B; ¢ sample C; d sample D

HgO reference electrode, and nickel foam are used as work
electrode, reference electrode, and counter electrode. The
electrolyte is 6.0 mol/L KOH and 1.5 g/L LiOH solution.
The cyclic voltammetry (CV) is carried out using an electro-
chemical work station (CHI760D) in the potential range of 0
to 0.7 V with the scanning speed of 0.005 to 0.04 V/s. Elec-
trochemical impedance spectroscopy (EIS) measurements are
carried out using an electrochemical work station (CHI760D)
at open circuit potential with a superimposed 5-mV sinusoidal
voltage in the frequency range of 10 kHz—10 Hz.

The positive electrode is placed between the two negative
electrodes to form simulated batteries with polypropylene as
separator. Tests of galvanostatic charge/discharge and cycle
performance are carried out at 0.2 C rate using a Neware
BTS-51800 Battery testing system.

Results and discussion

Physical properties of the prepared nickel hydroxide

XRD patterns, which is used to study the phase purity of the
prepared nickel hydroxide samples with different contents of

Sn**, are shown in Fig. 1. For comparison, the standard XRD
pattern of «-Ni(OH),-0.75H,0 (ICDD-JCPDS 38-0715) is

E;.O(IJLm‘1
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Fig. 4 Cyclic voltammograms and relationship between the anodic peak current and the square root of scan rate for electrodes a, b, ¢, and d

also given in Fig. 1. The general features of the diffraction
patterns for samples B, C, and D are similar to the standard
XRD pattern of a-Ni(OH),-0.75H,0, which prove that sam-
ples B, C, and D are «-Ni(OH), phase. [15, 16]. The general
feature of the diffraction patterns for sample A is similar to the
standard XRD pattern of «-Ni(OH),-0.75H,0, while a peak
at 17.5° is ascribed to (3-Ni(OH), phase. This phenomenon
illustrates that sample A is o/3-Ni(OH), [6]. Meanwhile,
there is no characteristic peak for Sn(OH),, which reveals that
the doped ions have successfully embedded into each sample
crystal lattice. Futhermore, the characteristic peaks of sample
E are ascribed to 3-Ni(OH), according to standard card
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(JCPDS-14-0117), which indicate that the crystalline phases
of sample E without doping are 3-Ni(OH), phase.

The value of d(yg3) for all samples, which is related to the
lattice parameter ¢ (=3 d(o3)), is shown in Table 2. As shown
in Table 2, the d(go3, value increases with Sn-doping, that is to

Table 3  Proton diffusion coefficient of electrodes a, b, ¢, and d

Electrode a b c d
K(*x1072) 14.61 17.09 19.97 19.45
DI(x107"" cm¥/s) 1.90 2.60 3.54 3.36
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Fig. 5 Cyclic voltammograms at the same scan rate (0.04 V/s) for
electrodes a, b, ¢, and d

say, D>C>B>A. Moreover, the d(go3 value of samples B, C,
and D is much larger than that (7.27-7.32 A) for the pure o-
Ni(OH),, while that of sample A is almost equal to that (7.27—
7.32 A) for the pure -Ni(OH), [5, 14]. The increase of the
interlayer spacing can be attributed to an increase in the inter-
calated anions in the nickel hydroxide lattice, which plays an
important role on enhancing the proton diffusion coefficient of
nickel hydroxide. The intensity ratio z of I3 to L1g) is a
good measure to estimate the crystal growth/stacking speed
[29]. The value z for sample C is largest in the XRD pattern,
which is different from others. This reveals that the crystal
growth/stacking speed of sample C in the direction of “c-axis”
of layered structure is faster than that in “a-axis”, which may
influence the electrochemical properties. Meanwhile, the in-
tense of the (003) diffraction lines is largest among all sam-
ples, which indicate that sample C has a better crystallinity.
The FWHM:s for respective sample, which can reveal the pri-
mary crystallite size perpendicular to (003) diffraction plane,
are listed in Table 1. The FWHMSs of the (003) diffraction lines
decrease initially and then increase with Sn-doping. This re-
sult reveals that sample C has a bigger primary crystalline
grain than others, which may influence the electrochemical
properties. This phenomenon illustrates that the content of
Sn** can change the crystal structure of nickel hydroxide
and has a significant effect on enhancing interlayer spacing
[15-19].

Table 4 Results of cyclic voltammetry measurements
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Fig. 6 Nyquist plots of all electrodes

To complement the XRD measurements, FT-IR spectra for
the prepared nickel hydroxide samples are made, and the re-
sults are shown in Fig. 2. The broad band at about 3455 and
1630 cm ™" are the characteristic of the stretching vibration of
hydroxyl groups hydrogen-bonded and the bending mode of
interlayer and absorbing water molecules, which are ascribed
to «-Ni(OH),[16], while the broad band at about 3640 cm ™" is
the characteristic of the stretching vibration of hydroxyl
groups in the nickel hydroxide lattice, which is ascribed to
3-Ni(OH), [5, 30]. In Fig. 2, the absorbed peaks at about
3455 and 1630 cm ™' are seen for samples B, C, and D, while
the low absorbed peak at about 3640 cm ' and the strong
absorbed peaks at about 3455 and 1630 cm ™' are seen for
sample A. Meanwhile, the intense of absorbed peaks at about
3455 and 1630 cm ' becomes stronger with the increase in
doped Sn**. The results demonstrate that sample A is /p-
Ni(OH), phase structure, samples B, C, and D are «-Ni(OH),
phase structure, and water molecules in the nickel hydroxide
lattice increase with the increase in doped Sn®*, which plays
an important role in improving the rate capacity performance
and decreasing the polarization effect because they provide
the passage of proton diffusion along the molecule chain be-
tween layers. For all samples, the absorbed peaks at 1110 cm ™
can be obviously observed and the intense of absorbed peaks
becomes stronger, indicating that the existence of SO,* in the
nickel hydroxide lattice and the content of SO,* becomes

Electrode ER (mV) EO (mV) EOER (mV) EofER (mV) EOERiEO (mV)
a (Ni:Sn=100:05) 262 496 515 234 19
b (Ni:Sn=100:10) 266 489 517 223 28
¢ (Ni:Sn=100:15) 264 184 513 219 29
d (Ni:Sn=100:20) 258 488 508 230 20
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larger [16]. The weak absorbed peaks at 1380 cm ' can be

also observed, indicating the existence of CO5” in the nickel
hydroxide lattice [17]. At low wave numbers, the bands for all
samples at about 630 cm " in all IR spectra can be assigned to
the bending vibration Ni-O-H [16].

Figure 3 illustrates the morphology of the Sn-substituted o-
Ni(OH), samples. As shown in Fig. 3, all samples appear as
aggregates of irregular shape, and their crystal edge is blur.
The irregular shape of the sample may result from the different
K, value between Sn(OH), (5.45% 1027y and Ni(OH), (5.5
10", which is similar to Al-substituted a-Ni(OH), [6]. Due to
the K, of Sn(OH), is much smaller than that of Ni(OH),, the
deposition of Sn** in Sn(OH), lattice may be quicker than that
of Ni(OH),, which may form a net structure and promote the
agglomerations of colloidal nickel hydroxide particles. The ag-
glomeration particle size of all samples, which influences the
activity of nickel hydroxide, decreases initially and then in-
creases with the increase in doped Sn?*. And, the agglomeration
particle size of sample C is more uniform than others. The more
uniform and smaller agglomeration particle size can improve the
activity of alpha nickel hydroxide [26]. So, sample C may show
better electrochemical performance in the future study.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements of nickel electrode

Figure 4 displays typical CV curves at various scan rate and
the relationship between the anodic peak current and the
square root of scan rate for electrodes a, b, ¢, and d [6, 16].
As s given in Fig. 4 (1)~(4), at the scan rate 0f 0.005 V/s, both
oxidation peak and one reduction peak are observed in the CV
curves. As the scan rate increase from 0.005 to 0.04 V/s,
oxidation and reduction peaks can be observed clearly and
move to the positive and the negative, which shows typical
diffusion control phenomenon. The relationship between the
anodic peak current /, and the scan rate v is given in Fig. 4
(5). The linear relationship between /, and v reveals that the
electrode reaction is controlled by proton diffusion [19]. Ac-
cording to Eq. (2) [18], the anodic peak current /, and the scan
rate v of the electrode system controlled by diffusion process
follow the following relationship at 25 °C:

I, = (269 x 10°) x S x n**(Dv)'/*C° (2)

where n is the electronic number of reaction (the value is about
1 for nickel hydroxide), S is the real surface area of the elec-
trode (cm?), D is the diffusion coefficient (cm?/s), and C° is
the proton concentration (mol/cm?).
If % = k, Eq. (2) becomes
, K
D = 5 (3)
(2.69 x § x C%)" x 10"
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Table 5 Best fitting results of the Nyquist plots for all electrodes in
high-frequency region

Electrode a Electrode b Electrode ¢ Electrode d
R /Q 0.4502 0.4026 0.4757 0.4182
R/ 0.533 0.4692 0.3014 0.3854

The diffusion coefficient D' of each electrode can be cal-
culated from S, C° and the slope of I, and v line by Eq. (3).
The results are tabulated in Table 3. Electrode c has the largest
proton diffusion coefficient of 3.54x10"" cm?/s, which is
86.82 % higher than that of electrode a. The variation in D’
is ascribed to the interlayer spacing, and the content of water
molecules in the nickel hydroxide lattice of samples A~D
increases gradually. However, the proton diffusion coefficient
of electrode d decreases which may be caused by the bad
crystallinity of sample D and more defects in the nickel hy-
droxide lattice [31].

The CV curves of all electrodes at the same scan rate of
0.04 V/s are given in Fig. 5, and the results are calculated in
Table 4. The potential difference (Eo-ER) between Eq and Ex
and the potential difference (Eor—Eo) between Eqr and Eg
can be used to characterize the reversibility of redox reaction
and the charge efficient, respectively [6—8]. Compared to all
electrodes, it is obviously seen that the potential difference
(Eo—ER) decreases and the potential difference (Eor—Ep) in-
creases from electrode a to electrode c. However, the potential
difference (Eo—ER) increases and the potential difference
(Eor—FEo) decreases for electrode d. This phenomenon may
be caused by the variation of proton diffusion coefficient.
Electrode ¢ shows the smallest the potential difference (Eo—
ER) and the highest potential difference (Eor—E(), which may
result from the better crystalline, larger interlayer spacing,
bigger content of water molecule, and smaller agglomeration

1500
1400
>
g
=
g
5 1300+ electrode a
A~ electrode b
electrode ¢
electrode d|
1200
T T T T T T T T T T T
0 1 2 3 4 5 6

Time/h

Fig. 7 Charging curves obtained at 0.2 C rate to 120 % state of charge at
25 °C for electrodes a, b, ¢ and d
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Table 6  Voltage values corresponding to the oxygen-evolution poten- 320
tial (OEP), the midpoint voltage (MPV), and the voltage gap (VG), ex- 1
tracted from the measured V(t) curves of Fig. 6 -~ 2804

)

Electrodea  Electrodeb  Electrodec  Electrode d E

E 2404
MPV/imV  1400.0 1383.6 1383.9 1387.0 N
OEP/mV 1479.7 1471.6 1481.8 1475 '§ 200
VG/mV 79.7 88 97.9 88 g

&

<

=

2

£

particle size [16, 17,26, 32]. So, electrode ¢ may display good
electrochemical performance.

Figure 6 shows the electrochemical impedance spectra for
all electrodes at a steady state. It can be seen that the Nyquist
plots of both electrodes exhibit a semicircle resulting from
transfer resistance in the high-frequency region. The calculat-
ed charge-transfer resistances (R.) of electrodes a, b, ¢, and d,
which are shown in Table 5, are 0.533, 0.4692, 0.3014, and
0.3854 (), respectively. This result demonstrates that the elec-
trochemical reaction of electrode ¢ is more easily than others,
because sample C has a smaller particle size than others,
which can enhance the proton diffusion in the electrode. Thus,
the solid-state proton diffusion and intercalation/
deintercalation processes are remarkably improved, resulting
in a higher electrochemical activity and lower charge-transfer
resistance.

Charging/discharging test of nickel electrode

The charging curves obtained at 0.2 C rate to 120 % state of
charge at 25 °C for electrodes a, b, ¢, and d are shown in Fig. 7,
and the results are presented in Table 6. The MPV is taken to
be the voltage value at 50 % state of charge, measured after
2.5 h of charge at 0.2 C, while the OEP is taken to be the
voltage value measured at the end of charge. As expected

14004 electrode a
electrode b,
electrode ¢

i electrode d|
> 1300
g
s
§ 1200
s}
~
1100
1000 T T T T T T T T T T T T
0 50 100 150 200 250 300

Discharge capacity / mAh/g'1

Fig. 8 Discharging curves obtained at 0.2 C rate at 25 °C for electrodes a,
b, ¢, and d

—— electrode d

1204

T T T T T T T T T T T
0 10 20 30 40 50 60
Cycle number

Fig. 9 Cyclic performance of electrodes at 0.2 C discharge rate

(Fig. 7 and Table 6), electrodes exhibit important electrochem-
ical differences, particularly in MPVand VG. Electrode ¢ pre-
sents the largest value of voltage gap (97.9 mV), which illus-
trates that electrode ¢ has the high charging efficiency. This
phenomenon may be caused by the largest proton diffusion
coefficient, which is in accordance with the CV results.

The discharging curves of electrodes at 0.2 C rate at 25 °C
are shown in Fig. 8. As can be seen clearly in Fig. 8, all
electrodes exhibit similar discharge platform, the discharge
capacity increases initially and the decrease with Sn-doping
increasing, and electrode ¢ has the largest specific discharge
capacity (303.6 mAh/g). This phenomenon illustrates that
Sn** has no significant effect on improving discharge poten-
tial, but enhancing discharge capacity dramatically.

The cycle performance of electrodes at 0.2 C rate at 25 °C
is given in Fig. 9. It can be seen that the maximum discharge
capacity of electrodes a, b, ¢, and d are 277.2, 281.9, 306.2,
and 297.2 mAh/g, respectively, and the decay rate Ry values of
electrodes a, b, ¢, and d after 60 cycles are 16.41, 15.35,10.45,
and 14.23 %, respectively. This indicates that electrode ¢
shows good cycling stability and higher specific discharge
capacity dramatically, which may be caused by better crystal-
linity, smaller agglomeration particle size, larger interlayer
spacing, better reversibility of redox reaction, and higher
charging efficient [17, 26, 32].

Conclusions

The better cyclic stability and higher specific discharge capac-
ity of 15 % Sn-substituted alpha nickel hydroxide make it a
promising candidate as battery materials in Ni-MH battery.
With the increase of Sn content, the crystallinity becomes
better initially and then worse, and the primary crystal size
becomes bigger initially and then smaller, while the trend of
agglomeration particle size in contrast. The 15 % Sn-doped

@ Springer



2302

Ionics (2015) 21:2295-2302

alpha nickel hydroxide exhibits a maximum specific discharge
capacity of 306.2 mAh/g (at 0.2 C rate) and better cycle per-
formance, which are directly related to better crystallinity,
smaller agglomeration particle size, better reversibility of re-
dox reaction, and higher charging efficient.
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