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Abstract Nano-sized calcium zincate powders used as
active materials for a secondary Zn electrode were prepared
by a chemical co-precipitation method. The properties were
studied by thermal gravimetric analysis (TGA), micro-Raman
spectroscopy and nitrogen adsorption—desorption experi-
ments. The secondary Zn electrodes using chemical co-
precipitation calcium zincate powders (CP-ZnCa) and ball-
milled calcium zincate powders (BM-ZnCa), were examined
and compared. The electrochemical performance of the sec-
ondary Zn electrodes was systematically investigated by
cyclic voltammetry and galvanostatic charge/discharge
measurements. It was demonstrated that the electrochemical
properties of the secondary Zn-pasted electrode using CP-
ZnCa powders were greatly improved, as compared with
conventional secondary ZnO electrodes. The results indicated
that secondary Ni-Zn batteries using CP-ZnCa powders
exhibited a better charge/discharge property and a longer life-
cycle performance, compared with those based on ball-milled
Zn0O + Ca(OH), (BM-ZnCa) powders.
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1 Introduction

The secondary Zn electrode in Zn-air batteries has the fol-
lowing advantages: high specific energy density, low cost
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and environmental friendliness [1-8]. However, the use and
development of the secondary Zn electrode are still limited
because of the dendritic growth, shape change, and high
solubility of the zinc discharge product in concentrated
alkaline KOH solution. These problems are responsible for
the short life-cycle of a Zn-paste electrode and the poor
electrochemical battery performance. In order to eliminate
Zn dendrite formation, many solutions have been sought,
including the use of additives either in the electrode [9-11]
or in the electrolyte [12—15]. Zhang et al. [16] studied the
effect of three organic corrosion inhibitors on the Zn elec-
trode for Zn—-MnO, batteries by polarization analysis and the
electrochemical impedance method. Wang et al. [17]
examined the effectiveness of the bismuth ion (Bi3+) and the
tetra-butyl ammonium bromide (TBAB) on the Zn electrode
to inhibit the dendritic growth in alkaline zincate solution.
They found that both Bi** and TBAB showed a synergistic
effect on dendrite inhibition at the Zn electrode.

Recently, some authors [18-21] have reported the per-
formance of secondary Zn-pasted electrodes based on
calcium zincate powder as the active material. Calcium
zincate (CaZn,(OH), - H,O) was obtained by mechanical
ball milling of ZnO and Ca(OH), (so-called BM-ZnCa) in a
water medium. Since calcium zincates have a lower solu-
bility in a concentrated KOH solution and a better charge/
discharge reversibility, they can solve the problems of shape
change and dendrite formation to enhance the life-cycle of
the Zn electrode. Yu et al. [20] studied the electrochemical
properties of calcium zincates in a secondary Ni-Zn cell by a
powder microelectrode, which showed good prospects for
practical application. Zhang et al. [21] also investigated the
influence of metallic bismuth powder as an additive and
chemically co-precipitated calcium zincate as an active
material for the secondary Zn-pasted electrode. Specifically,
it was found that Ca(OH), compounds [20, 21] had a
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significant impact on the performance of secondary Zn
electrodes. The addition of Ca(OH), to the pasted Zn elec-
trode can significantly reduce the shape change and dendritic
deposit formation. For comparison, the electrochemical
performance of Zn-pasted electrodes prepared by ball-mil-
led calcium zincate powders (i.e., BM-ZnCa powders) and
chemically-precipitated calcium zincate powders (i.e., CP-
ZnCa powders) were systematically investigated by galva-
nostatic charge/discharge measurements, respectively.

In this work, the electrochemical properties of the Zn
electrodes using nanosized calcium zincate powders are
studied and discussed. A Ni—Zn battery with a Zn-pasted
electrode using CP-ZnCa powders was assembled and
evaluated.

2 Experimental
2.1 Preparation of calcium-zincate active materials

The CP-ZnCa active materials were prepared by a chemical
co-precipitation method, which has been described else-
where [21, 22]. The CP-ZnCa active materials were
synthesized at 60 °C by adding a mixed solution of 35 mL
1 M Zn(NOs3), + 15 mL 1 M Ca(NOs), in the required
mole ratio slowly to a 100 mL mixed solution of 1.5 M
NaOH + 4.5 M NH,OH. The mixed solution of Zn(NO3),
and Ca(NO3), was added slowly to the alkali solution were
added (i.e., drop by drop) under ultrasonication. The mole
ratio of the Zn:Ca in the CP-ZnCa powders was set at 2.5:1.
The resulting mixed solution was continuously stirred at
1,500 rpm for 8 h until a white precipitate was obtained.
The white precipitate suspension was further aged at 60 °C
for 12 h under continuous stirring. The CP-ZnCa precipi-
tates were then washed in distilled water several times and
centrifuged until the pH became 7, then dried at 105 °C
overnight. The CP-ZnCa powders were collected and
packed in a PE bag for further examination and use.

2.2 Characterization of calcium zincate powders

TGA thermal analysis was carried out using a Perkin Elmer
Pyris 7 TGA system, by heating from 25 to 600 °C, under N,
atmosphere at a heating rate of 10 C min~" with a sample of
approximately 10 mg. Micro-Raman spectroscopy analyses
were carried out by a Renishaw confocal system with a
microscope equipped with a 50x objective and a charge-
coupled device (CCD) detector. The Raman excitation source
was provided with a 633 nm laser beam which had a beam
power of 17 mW and was focused on the powder samples with
a spot size of about 1 pm in diameter. The Brunauer-Emmett-
Teller (BET) surface area, the pore size, and the pore size
distribution of the BM-ZnCa and CP-ZnCa powders were
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examined by a Micromeritics ASAP2010 system. The peak
pore diameter, mesopore area and volume was estimated
according to the Barret-Joyner-Halenda (BJH) method.

2.3 Preparation of the Zn pasted electrodes

The secondary Zn-pasted electrode was prepared by a coat-
and-press method; the preparation method was similar to
Yang’s procedure [19]. The chemical composition of the
secondary Zn-pasted electrode was as follows: 70 wt.% CP-
ZnCa mixture powders, 2 wt.% nano-Cu conductive fillers, 8
wt.% micro-sized Zn powders (Aldrich), 2 wt.% PbO
(Aldrich), 3 wt.% Bi,O3 (Aldrich) and 15 wt.% PTFE (Du
pont, 30J) suspension-binder solution. In particular, about
2wt.% nano-Cu conductive fillers (100 nm) were added to
the Zn-pasted electrode to enhance cycleability and utiliza-
tion [22]. Appropriate amounts of CP-ZnCa powders and
additives were first weighed, then mixed and put into an
agate pot with a 10 mm diameter agate ball. The weight ratio
of the raw materials to the mill ball was set at 1:5. The ball-
milled pot was tightly sealed and set into a planetary ball
miller (FRITSCH 7). The mechanical ball-milling was car-
ried out at a rotation speed of 700 rpm for 2 h at ambient
temperature. The well-mixed powders were then collected in
a plastic container for further use.

The resulting CP-ZnCa mixture powders 4+ PTFE binders
were further ball-milled at a rotation speed of 300 rpm for 2 h.
The well-mixed CP-ZnCa paste was filled into a Ni-foam
matrix (with an areaof 1 x 1 cmz), then roll-pressed at 25 °C
at a pressure of 120 kg, cm ™2 The Zn-pasted electrode was
dried at 110 °C for 2 h, and then sintered at 360 °C for 40 min.
The substrate of the positive electrode was prepared from 4 x
4 cm? of nickel foam. The Ni(OH), active material (75wt.%)
was mixed with graphite (10wt.%), CoO powder (10wt.%)
and then with a polytetrafluoroethylene (PTFE) (5wt.%)
aqueous suspension as a binder. The mixtures were ground
and annealed to obtain a paste. The paste was coated into the
nickel foam substrate using a spatula, dried at 110 °C for 1 h,
then cold-pressed at 120 kg, cm 2. The electrode was soaked
in 4 M KOH for 24 h before use. The alkaline Ni-Zn cell was
charged for 5 h at C/5, kept for 30 min at open circuit, and then
discharged at a C/5 rate to 1.00 V. The charge/discharge cycle
tests were performed at room temperature.

2.4 Electrochemical properties measurements

The galvonostatic charge/discharge measurements for the
Zn-pasted electrodes (A = 1 cm?) using CP-ZnCa powders
at different pH values were carried out on a three-electrode
system. A large area (10 x 10 cm?) Pt sheet was used as a
counter electrode and an Hg/HgO electrode was used
as reference. The cyclic voltammetry analyses of the
Zn pasted electrodes (A = 1 cm?) employing CP-ZnCa
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powders were carried out in a three-electrode system. The
electrolyte was a ZnO-saturated 4 M KOH aqueous solu-
tion. The galvanostatic charge/discharge was examined on
a secondary Ni—Zn battery (A = 16 cm?) wrapped with two
layers of Celgard 5550 PP/PE separators at charge and
discharge rates of C/5. The cut-off potential was set at 1.0
V. The galvanostatic charge/discharge measurements were
conducted by an Autolab PGSTAT30 electrochemical
system with GPES 4.8 package software (Eco Chime, The
Netherlands). All the electrochemical measurements were
carried out at ambient temperature.

3 Results and discussion
3.1 TGA analyses for calcium zincate powders

Figure 1 shows the thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA) thermographs for BM-
ZnCa and CP-ZnCa powders, respectively. BM-ZnCa pow-
ders exhibited only one weight-loss step, but CP-ZnCa
powders exhibited a two-step weight loss. The TGA thermo-
graph for BM-ZnCa powders with the mole ratio of Zn:Ca =
2.5:1 showed a total weight loss of 5.27% at 600 °C, with a
peak decomposition temperature of 404 °C; which is due to
Ca(OH), decomposition (Ca(OH), — CaO + H,0) [22].
Meanwhile, the results showed that CP-ZnCa powders
obtained at pH 12 showed a two-stage weight loss. For first
stage with a weight loss of about 12—13% (from 100 to 200 °C)
was due to the decomposition reaction of Zn(OH), — ZnO +
H,O at a peak temperature of 177 °C for ZnCa powders.

The second weight loss at a peak temperature of ~393 °C
was also ascribed to the decomposition reaction of Ca(OH),
— CaO + H,O0. It was noted from DTA results in Fig. 1 that
the intensity of the second stage weight-loss (Tgp > =393 °C)
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Fig. 1 TGA thermographs for (a) ZnO, Ca(OH),, BM-ZnCa pow-
ders; (b) CP-ZnCa powders

for CP-ZnCa powders at pH 12 was much lower and broader
as compared with that of the BM-ZnCa powders. This
weight-loss implies a lesser amount of Ca(OH), in the CP-
ZnCa powders. Finally, the CP-ZnCa powders were com-
pletely decomposed into the mixture of CaO and ZnO at 600
°C. Thereby, it was demonstrated that the thermal properties
of the CP-ZnCa powders were different from those of the
BM-ZnCa powders; especially, it was shown that the CP-
ZnCa powders contain mainly Zn(OH), and Ca(OH),, while
the BM-ZnCa powders contained ZnO and Ca(OH),.

3.2 The micro-Raman spectroscopy analyses

The micro-Raman analysis was used to examine the
chemical composition of raw materials of ZnO, Ca(OH),
and all of the CP-ZnCa samples. Figure 2 shows the micro-
Raman spectra for ZnO, Ca(OH),, and CP-ZnCa powders
at pH 12, respectively. Table 1 lists the major Raman
scattering peaks of the ZnO, Ca(OH),, BM-ZnCa powders
and CP-ZnCa powders. There were three major Raman
peaks for ZnO, i.e., at 334, 385, and 437 cm™! [22-24].
However, there were four major Raman peaks for
Ca(OH),, namely, at 288, 365, 436, 720 and 1,092 cm™!
[22]. In particular, there were five major Raman peaks for
CP-ZnCa powders made at pH 12, these Raman peak bands
were at 252, 356, 428, 449, 709 and 1,083 cm™!. As we
know, the Raman band peaks at 428 cm ™' were related to a
ZnO compound, but the Raman band peaks at 252, 356,
709 cm™! were related to a Ca(OH), compound [22]. All
Raman band peak positions for the CP-ZnCa powders were
slightly shifted, as compared with the peak positions of
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Fig. 2 Raman spectra for ZnO, Ca(OH),, and CP-ZnCa powders
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Table 1 Raman analyses results for ZnO, Ca(OH),, BM-ZnCa, and
CP-ZnCa powders samples

Species Raman peaks (cm™")

ZnO 334, 385, 437

Ca(OH), 288, 365, 436, 720, 1,092
BM-ZnCa 321, 425, 561, 648, 1,121
CP-ZnCa 252, 356, 428, 449, 709, 1,083

ZnO and Ca(OH),. The results indicate that there were
some chemical interactions occurring, which may be due to
the formation of new chemical bonds between Zn and Ca.

3.3 BET analyses

To obtain detailed information about the pore size, the
specific surface area, the mesopore volume and the pore-
size distribution, a N, adsorption and desorption isotherm
were performed on the BM-ZnCa and CP-ZnCa powders.
The total surface area and pore volume were determined
using the BET equation and the single point method,
respectively. Figure 3(a) shows the typical isotherm of N,

adsorption and desorption (Type IV) for the BM-ZnCa
powders and the CP-ZnCa powders. The isotherms exhib-
ited obvious hysteresis loops at high relative pressure
(P/P,), indicating that both ZnCa powders had mainly a
mesoporous structure. The surface and volume character-
istics of the ZnCa powders calculated according to the
isotherm data are summarized in Table 2.

In comparison to the BM-ZnCa powders, the CP-ZnCa
powders showed a higher BET surface area of 28.66 m?>
g~ ! and a total pore volume of 0.104 cm® g~'; however,
the BM-ZnCa powders only showed a BET surface area of
6.72 m*> g~' and a total pore volume of 0.031 cm® g ".
Figure 3(b) demonstrates the pore-size distribution for both
the BM-ZnCa and the CP-ZnCa powders. The CP-ZnCa
powders possessed a wide pore diameter distribution at
2-100 nm and a peak pore size at 10 nm. In contrast, the
BM-ZnCa powders showed much lower pore volume and a
narrower pore-size distribution located at a micropore
region (<2 nm). It was clear that the porosity and total pore
volume of the CP-ZnCa powders prepared by a chemical
co-precipitation process were much higher than that of the
BM-ZnCa powders by the ball-milled treatment.

3.4 Electrochemical properties

(a) eo0 -
o 70|~ 22:8:§t;3: Shznca) Figure 4 shows the CV curves of the secondary Zn elec-
E . e e M ane) trode using the CP-ZnCa powders. There were also two
‘o cathodic peaks and two anodic peaks on the cyclic vol-
§ 507 tammograms, the first and second anodic peaks were at
E 40 —1.32 V (E,.1) and at —1.18 V (E,, »»), respectively, for
S 30 the anodic oxidation of the CP-ZnCa powders. Conversely,
§ 20+ there were two cathodic peaks, the first and second
15 0 BM-ZnCa cathodic peaks were at —1.37 V (E, ;) and —1.44 V
6 1 . .
2 . .o —ep—0-008 (Epc2), respectively, for the reduction of tl.le CP-ZnCa
powder. Table 3 also shows the electrochemical parame-
‘ ‘ ‘ ‘ ters of CV analyses for the Zn-pasted electrodes using CP-
0.0 0.2 0.4 0.6 0.8 1.0
. r ZnCa powders. The CE value of the Zn-pasted electrode
Relative pressure/ PP . .
(b) using the CP-ZnCa powders (68—70%) was much higher
0.010 than that of the Zn-pasted electrode using the BM-ZnCa
CP-ZnCa powders (47-53%) during the 200 cycle test. Compara-
0.008 tively, the maximum discharge capability of the CP-ZnCa
J:
"o 0.006 7 Table 2 The results for N, adsorption/desorption isotherm for the
§ BM-ZnCa and the CP-ZnCa powders
) |
§ 0.004 Types Parameters
©
0.002 | BET surface Total pore Pore
' area volume diameter
(m?* g™ (m® g™ (nm)
0.000
1 BM-ZnCa 6.72 0.031 19.45
Average diameter/ nm powders
' . CP-ZnCa 28.66 0.104 14.73
Fig. 3 (a) BET isotherm curves for BM-ZnCa and CP-ZnCa powders

powders; (b) Pore size distribution curves
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powders

powders (ipc; = 264 mA gfl) exhibited a much higher
value than that of the BM-ZnCa powders (i, = 227 mA
g~ !). Thus, the chemical precipitation method appears to
be an effective process to prepare the active material of the
secondary Zn electrode.

Figure 5 shows the charge/discharge curves for the
secondary Zn electrodes (A = 1 x 1 cm?) with the BM- and
the CP-ZnCa powders at a charge rate of C/10 and a dis-
charge rate of C/5, respectively. The average charge and
discharge potentials of the Zn pasted electrode with
BM-ZnCa powders were at —1.436 and —1.327 V (vs.
Hg/HgO), respectively. By contrast, the average charge and
discharge potentials of the Zn electrode with CP-ZnCa
powders were at —1.401 and —1.355 V (vs. Hg/HgO),
respectively. The polarization of the secondary electrode
with CP-ZnCa powders was much less. Moreover, the CE
value for the CP-ZnCa active materials (83.4%) was much
higher than that for the BM-ZnCa powders (62.4%). Fur-
thermore, the AE values (AE is defined as |[E,, — Egil,
which indicates the reversibility of the electrode) for the
CP-ZnCa and the BM-ZnCa active materials were around
0.046 and 0.109 V, respectively. On the whole, it can be
concluded that the electrochemical activity of the CP-ZnCa
powders is much higher than that of the BM-ZnCa
powders.

Figure 6 shows the typical discharge curve of the Ni-Zn
battery with the Zn anode using the CP-ZnCa powders

Time/ h

Fig. 5 Charge/discharge curves for secondary Zn-pasted electrodes
with BM-ZnCa and the CP-ZnCa powders for comparison
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Fig. 6 Typical charge/discharge curve of a Ni—Zn battery at C/5 rate

(prepared at pH 12, theo. capacity (Queo) = 560 mAh) at
C/5 charge/discharge rates. The charge cell potential was
stable at between 1.78 and 2.17 V (not shown). The dis-
charge cell potential was also stable and flat at between
1.85 and 1.50 V, which showed an average discharge cell

Table 3 The CV analyses results of the Zn-pasted electrodes using the CP-ZnCa powders

Types o mMAE™) o mAg) i mMAE) fheomAg) E,u (V) Ewn®M Eyu (V) E,w(®) CE(®%)
Cyc #1 264 53.7 -70.2 —226 —1.32 —1.18 —1.38 —1.44 70.9
Cyc #200 238 453 -72.0 —224 —1.32 —1.18 —1.37 —1.44 68.1

Note: CE(%) = Qqis/Qcn x 100, where the Qg;s is a discharge capacity, and the Qy, is a charge capacity
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22 showed good electrochemical performance. The electro-
e gg:z ;5 chemical properties of CP-ZnCa powders are superior to
20 wwdrescycle 50 those of BM-ZnCa powders. The life-cycle of the sec-
v cycle 75 ondary Ni-Zn batteries was over 100 cycles by

-9 cycle100 . .
galvanostatic charge/discharge measurements at C/5. In

Cell potential/ V

T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Time/ h

Fig. 7 Charge/discharge curves of Ni—Zn batteries at different cycles

potential of 1.64 V. The cycle life of the Ni—Zn battery was
over 100 cycles. The result indicated that the maximum
discharge time was 3.53 h. As a matter of fact, the dis-
charge capacity steadily increased after the 50th cycle; the
real discharge capacity (depth of discharge = 80%) reached
about 71% of theoretical battery capacity (Qeo.), as sShown
in Fig. 7.

4 Conclusions

Calcium zincate powders used as active materials for the
secondary Zn-pasted electrodes were prepared by a
chemical co-precipitation (CP) method. The characteristic
properties of the CP-ZnCa active materials were examined
systematically by TGA, micro-Raman spectroscopy and
BET analyses. The electrochemical performance of the
secondary Zn electrodes using CP-ZnCa powders was
examined by cyclic voltammetry and galvanostatic charge/
discharge measurements.

It was found that the Zn-paste electrode with the CP-
ZnCa powders at a molar ratio of Zn:Ca = 2.5:1 at pH 12

@ Springer

conclusion, these CP-ZnCa powders are potential candi-
dates for application in secondary Ni—Zn batteries.
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