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Buffer solution method can maintain the stability of pH in the reaction process, so that the physical and
chemical properties of the product are good. Manganese-doped Ni1-xMnx(OH)2 (x=0.15, 0.18, 0.22, 0.25)
was prepared by buffer solution method. X-ray diffraction measurements showed that the samples were
mainly composed of p-Ni(OH)2, and some of the Mn-doped samples contain a small amount of
impurities. Scanning electron microscopy measurements showed that the crystal particles of Mn-doped
samples were small. The specific surface area measurements results showed that the BET surface area
of Mn-doped samples were more and the Mn-doped samples had mesoporous structures. Cyclic
voltammetry results showed that the difference between the oxidation peak potential and the reduction
peak potential of the Mn-doped samples was small. The Mn-doped samples demonstrated better
electrochemical performance than commercial -Ni(OH)2. Constant current charge-discharge results
showed that samples with an Mn content of 18 mol% yielded the highest discharge specific capacity, the
best cycle stability with discharge specific capacity of 314.5 mAh g at 800 mA g, while the discharge
specific capacity of commercial -Ni(OH), was 195 mAh-g. It shows that Mn doping can improve the
discharge specific capacity of the positive electrode and make the battery have good charge and
discharge performance at high current. When the sample with Mn content of 18 mol% was cycled at 800
mA-g for 30 cycles, the discharge specific capacity did not decrease, while other samples containing
Mn and commercial -Ni(OH). showed different degrees of discharge specific capacity. As a positive
electrode material, Nio.s2Mno.18(OH)2 has good cycle stability. A series of experimental results have
proved that a proper amount of Mn doping (18 mol%) can effectively improve the electrochemical
performance of nickel electrodes and reduce the cost of cathode materials.
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1. INTRODUCTION

Zinc—nickel battery is a green and environmentally friendly chemical power source. Compared
with the potential environmental hazards of traditional lead—acid batteries [1] and nickel-cadmium
batteries [2,3], as well as the high cost of manufacturing nickel-metal hydride batteries [4], zinc-nickel
batteries are safer, more environmentally friendly, and more economical. The zinc—nickel battery may
be an ideal chemical power source to replace traditional lead—acid batteries and nickel-cadmium
batteries. In 2007, Cheng Jie’s group presented a zinc—nickel single-liquid battery with a sintered nickel
electrode as the positive electrode [5,6]. This type of battery solves the problem of zinc dendrite by
flowing the electrolyte and controlling zinc deposition/dissolution. The electrolyte containing ZnO can
stabilize the crystal structure of Ni(OH)2 [7], and the cycle life is greatly improved, but the overall
specific energy of the battery is lowered, The research team used several methods to improve its
performance [8].

To increase the specific capacity of zinc—nickel batteries, scholars have adopted a method of
doping metal ions on nickel electrodes and obtained some encouraging results. Chang Yangqin’s group
prepared nanosheet Mn-doped a-Ni(OH)2 by chemical co-precipitation [9], and they found that its
electrochemical performance changes with the increase in the Mn content. When the Mn content was 30
mol%, the electrochemical performance was the best, and its specific capacity was 330 mAh-g™*. Wu
Meiyin’s group prepared a sample of Mn-doped Ni(OH)2 by chemical co-precipitation [10]. When the
Mn content reached 28.3 mol%, a-Ni(OH). was obtained. At the current of 1 C, the discharge specific
capacity was 190 mAh-g* after five cycles, and the discharge specific capacity increased to 270 mAh-g-
1 after 300 cycles. Li Xiaofeng’s group used mechanical ball milling to prepare Mn-doped -Ni(OH).
[11], and the specific capacity decreased with the increase in the Mn doping amount. The highest specific
capacity of the NiosMno2(OH), sample was 261 mAh-g™. When Mn and Zn co-doped Ni(OH). were
prepared by mechanical ball milling [12], the phase structure of Nio.sMno.2yZny(OH). (y=0-0.075) was
B-type. The sample Nio.sMno.15Zno.0s(OH)2 had a discharge specific capacity of 265 mAh-g? at a current
of 0.2 C, and the current performance of the Mn- and Zn-doped samples was high. Wen Shengshan’s
group prepared a sample of Al-substituted Ni in Ni(OH)2 by chemical coprecipitation [13]. They reported
that the Al-doped sample has higher electrochemical activity than the undoped Al sample. When the Al
content was 15 mol%, the mass specific capacity was up to 324 mAh-g* at a constant current charge
and discharge of 100 mA-g™. Jie Bao’s group synthesized Cu single-doped and Cu/Al co-doped nickel
hydroxide by ultrasonic-assisted precipitation [14]. Their results indicated that the electrochemical
performance of Cu/Al co-doped nano-nickel hydroxide is better than that of Cu single-doped nano-nickel
hydroxide. The discharge specific capacity of Cu/Al co-doped nano-nickel hydroxide reached 330
mAh-g? at 0.2 C, which was 12 mAh-g™* more than that of Cu single-doped sample and 91 mAh-g*
more than that of pure spherical nickel hydroxide. Xue’s group prepared a nanofibrous Co-substituted
Ni in a-Ni(OH). by hydrothermal synthesis [15]. Their results showed that the nanofibrous structure of
the sample can reduce the electrochemical reaction resistance of the electrode. In addition, at a molar Co
content of 11.1%, a-Ni(OH)2 showed an increase in its discharge specific capacity.

Previous studies revealed that doping Mn in Ni(OH)2 can improve the electrochemical
performance of the Ni electrode [9-12, 16-19]. However, in the B structure, the discharge specific
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capacity increases slightly, which may be due to the fact that ball milling is not conducive to improving
the performance of Ni(OH). material. Buffer solution method can maintain the stability of pH in the
reaction process, so that the physical and chemical properties of the product are good. The literature
showed that Mn-doped Ni(OH). prepared by buffer solution method presents good electrochemical
performance [16]. When the Mn content is 20 mol%, the discharge specific capacity can reach 271.8
mAh-g™. In the present study, the Mn content was refined on the basis of the literature [16], and Nij-
xMny(OH)2 (x=0.15, 0.18, 0.22, 0.25) was prepared by buffer solution method. Commercial -Ni(OH):
was used as a comparison, and the electrochemical performance was found to be the best when the Mn
content was 18 mol%.

2. EXPERIMENTAL SECTION

2.1. Material Synthesis

Ni1-xMnx(OH)2 (x=0.15, 0.18, 0.22, 0.25) was prepared by buffer solution method [20,21]. First,
a buffer solution was prepared by dissolving 5.4 g of ammonium chloride in distilled water. About 35
mL of ammonia water was added to the mixture until a constant volume of 100 mL was obtained. The
pH of the solution was about 10. Second, on the basis of the molar ratios of Ni and Mn at 85:15, 82:18,
78:22, and 75:25, appropriate amounts of NiSO4-6H20 and MnSO4-H20 were dissolved in 200 mL of
distilled water; thus, solution 1 was prepared. Solution 2 was obtained by dissolving 16 g NaOH in 200
mL of deionized water. Third, under magnetic stirring, 1-2 drops of solution were added to three flasks
containing buffer solution. The feeding speed was controlled to 5 mL-min, and the reaction temperature
was set to 55 °C. Thereafter, the mixture continued to react for 8 h under strong stirring and allowed to
age for 10 h at 60 °C. The mixture was filtered and washed to neutrality with warm deionized water. The
samples were dried in a vacuum drying chamber at 60 °C to a constant weight and then milled in a ball
mill at 400 r-min for 4 h to form powder samples.

The Ni1xMny(OH)2 sample, graphite emulsion (alcohol soluble, 30wt% solid content), and nickel
powder were mixed in a 3:1:1 ratio and then added with an appropriate amount of anhydrous alcohol.
After grinding for 30 min by an agate mortar, the slurry was coated on 2 cmx2 cm foam nickel. After
drying at 60 °C for 4 h, another 2 cmx2 cm foam nickel was used to cover the coating with slurry. The
nickel electrode was prepared by compacting it on a powder tablet press at 20 MPa.

2.2. Material characterizations

X-ray diffraction (XRD; D/Max-3B, Cu Ka) was conducted to analyze the crystal structures of
the Ni1xMny(OH)2 samples. The working conditions were as follows: A=0.1542 nm, tube pressure of 40
kV, tube flow of 30 mA, scan rate of 2 degree min’, and scanning range of 26=10°-80°. The surface
morphology of NiixMnyx(OH). was observed by scanning electron microscopy (SEM). The working
voltage was 2 kV.
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2.3. Electrochemical measurements

A beaker-type and two-electrode test system was developed with 2 cmx2 cm stainless steel strip
as negative electrode and 10 mol-L™* KOH+1 mol-L™* ZnO+20 g-L* LiOH mixed solution as electrolyte
[16]. Constant current charging and discharging tests were carried out on the LAND battery test system.
The current density was 100, 150, 200, 300, 500, and 800 mA-g™. The charging cut-off conditions were
a capacity of 320 mAh-g* or cut-off voltage of 2.2 V and discharge cut-off voltage of 1.2 V.

A three-electrode test system was constructed using mercury oxide electrode as reference
electrode. The cyclic voltammetry (CV) test was carried out at a CHIG08E electrochemical workstation.
The scan rate was 0.5 mV-s™, and the voltage range was 0-0.7 V (vs. Hg/HgO).

3. RESULTS AND DISCUSSION

3.1 Phase analysis

Fig. 1 shows the XRD patterns of commercial -Ni(OH). and Ni1-xMnx(OH). (x=0.15, 0.18, 0.22,
0.25). By comparing the standard chart (PDF14-0117), the diffraction peaks at 26=19.03°, 33.18°,
38.54°, 51.85°, 59.04°, and 62.70° were observed in the figure, corresponding to crystal faces (001),
(100), (101), (102), (110), and (111), respectively. All five samples showed typical f-Ni(OH). structural
features, and Mn doping did not change the crystal structure of Ni(OH)2. The diffraction peaks of
samples x=0.18, x=0.22, and x=0.25 at 20=35.99° were consistent with the (211) crystal plane of Mn304
(PDF04-0732), indicating the presence of Mn3O4 impurities, which were presumed to be due to the
oxidation of manganese ions in solution 1. In Fig. 1, as the amount of Mn doping decreased, the peak
shape became increasingly sharp, and the half-width of Nii.xMnx(OH)2 became narrow. According to the
X-ray Scherrer formula f=KX\/Dcos6, the half-width £ is inversely proportional to the grain size D of the
powder, and the grain size of Ni1.xMnx(OH)2 gradually increases as the amount of Mn doping decreases.
Thus, the substitution of Mn refines the grain of the material, and the fine grain size of nickel hydroxide
powder leads to improved electrical properties [22,23].
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Figure 1. XRD patterns of commercial f-Ni(OH)2 and Ni1.xMnx(OH)2 (x=0.15, 0.18, 0.22, 0.25);
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Figure 2. SEM images of commercial A-Ni(OH), and Niw.xMny(OH). (x=0.15,0.18,0.22,0.25)
(a)x=0.15,(b)x=0.18,(c)x=0.22,(d)x=0.25,(e)x=0

Fig. 2 shows the SEM images of commercial £-Ni(OH)2 and NiixMny(OH)2 (x=0.15, 0.18, 0.22,
0.25). As shown in the figures, commercial Ni(OH). was composed of regular spherical particles, which
became fine and irregular after doping with Mn. The porous structure produced by such fine particles
can improve contact between the electrolyte and sample, thereby increasing the active material
utilization rate of the sample [24] and improving the electrical properties of the sample. The more
microstructural defects a sample material has, the more favorable it becomes for proton diffusion and
charge transfer in the electrode process [25], thereby increasing the discharge specific capacity of the
electrode material.
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Figure 3. N2 adsorption-desorption isotherms of commercial £-Ni(OH)2 and Ni1-xMny(OH)2

The specific surface area measurements [26] results showed that Sget gniony2) was 9 m2-gL,
SBET x=0.15) Was 39 m?-gL, Sget x=0.18) Was 41 m?-gL, Sger s=022) Was 39 m?-gt and Sger x=0.25) Was 36
m?2.g, the BET surface area of Mn-doped samples was more than that of commercial -Ni(OH).. Fig. 3
showed that the shape of the Mn-doped samples were all type IV curves. Hysteresis curves appeared at
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P/Po between 0.45 and 1.0, which proved that the Mn-doped samples had mesoporous structures, which
was consistent with the SEM test results. The mesoporous structures can effectively increase the
electrode/electrolyte interfacial area, improve the rapid transmission capacity of ions in the electrolyte
during the circulation process, and help improve the rate performance of the electrode materials [27].

3.2 Electrochemical analysis

Fig. 4 shows the CV curves of commercial p-Ni(OH), and NiixMny(OH);
(x=0.15,0.18,0.22,0.25) at the scan rate of 0.5 mV-s* and voltage range of 0-0.7 V (vs. Hg/HgO). The
curves of the five samples showed a pair of redox peaks, which were consistent with a discharge platform
in the constant current charge and discharge curve. Among the five curves, the integral area of the x=0.18
curve was larger than those of the x=0.15 and x=0 curves, whereas the integral area of the x=0.22 and
x=0.25 curves was slightly smaller. These results indicated that proper Mn doping could increase the
specific capacity of Ni(OH).. The difference AE between the oxidation peak potential and the reduction
peak potential reflects the reversibility of the electrochemical reaction; a high AE indicates the poor
reversibility of the electrode reaction [28]. As shown in Fig. 3, AE of p-Ni(OH)2 was 509 mV, which
was larger than that of the Mn-doped sample (i.e., 467 mV [x=0.15], 459 mV [x=0.18], 383 mV [x=0.22],
and 367 mV [x=0.25]). Thus, the reversibility of the Mn-doped electrode reaction was better than that of
commercial A-Ni(OH)..
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Figure 4. CV curves of commercial f-Ni(OH)2 and Ni1.xMny(OH)2 (x=0.15,0.18,0.22,0.25) at a scan rate
of 0.5mV-s?

Fig. 5 shows the rate performance of commercial £-Ni(OH). and NiixMny(OH). at the current
densities of 150, 200, 300, 500, and 800 mA-g*. Tab. 1 shows the comparison of discharge specific
capacity of different electrode materials. As shown in Fig. 5, f-Ni(OH). had the largest discharge
specific capacity of 280.8 mAh-g* at a current density of 150 mA-g. The discharge specific capacity
was the smallest at 195 mAh-g™ under a current density of 800 mA-g™*. The discharge specific capacity
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of the sample decreased with increasing current density, which was consistent with the reported trend
[9], indicating that the large current discharge performance of commercial -Ni(OH). was poor. In the
Ni1xMnx(OH). sample, when x=0.15 and the current density of the sample increased from 150 mA-g*
to 500 mA-g, the discharge specific capacity slowly increased to 303.4 mAh-g. The discharge specific
capacity decreased slightly at a current density of 800 mA-g™. When x=0.18 and the current density of
the sample increased from 150 mA-g™ to 800 mA-g?, the discharge specific capacity increased slowly
and peaked at 800 mA-g?, which was 314.5 mAh-g*. Compared with the electrode materials in Tab. 1,
sample x=0.18 had a higher specific discharge capacity. When the current density of the samples x=0.15
and x=0.18 was 150 mA-g?, the discharge specific capacity was similar to that of commercial S-
Ni(OH)2. When the current density increased from 200 mA-g™ to 800 mA-g?, the discharge specific
capacity was larger than that of commercial f-Ni(OH).. When the current density of sample x=0.22
increased from 150 mA-g* to 800 mA-g?, the discharge specific capacity increased slowly, reaching a
maximum value of 308.2 mAh-g* at 800 mA-g?; its discharge specific capacity was slightly lower than
that of sample x=0.18 and larger than that of commercial p-Ni(OH).. The trend of sample x=0.25 was
similar to that of commercial p-Ni(OH).. The discharge specific capacity decreased with increasing
current density. The maximum discharge specific capacity of sample x=0.25 was 258.5 mAh-g*,
whereas its minimum discharge specific capacity was 203.2 mAh-g*, with a 21.4% attenuation.
Meanwhile, commercial 5-Ni(OH)2 decayed by 30.6% under the same conditions. The samples x=0.15,
x=0.18, and x=0.22 showed that the discharge specific capacity increased with the increase in current
density, and the active material of the positive electrode doped with Mn was activated slowly. One of
the possible reasons for this finding is that the binder of the graphite emulsion may be hydrophobic,
which affects the activation of the positive electrode active material. Another reason may be that the
doped Mn is originally in a low-cost state and gradually transforms into a high-valence state during
charge and discharge.

Table 1. Comparison of discharge specific capacity of different electrode materials

i - ischar ifi
References Electrode materials Preparation method discharge specific

capacity/ mAh/g
Chang [9] Mn-doped a-Ni(OH): A chemical coprecipitation 330
Wu [10] Mn-doped Ni(OH): A chemical coprecipitation 270
Li[11] Mn-doped S-Ni(OH): Mechanical attrition method 261
Li[12] Mn-Zn-doped Ni(OH)2 Mechanical attrition method 265
Wen [13] Al-doped a-Ni(OH)> A chemical coprecipitation 324
Bao [14] Al-Cu-doped a-Ni(OH) Ultrasonic-assisted 330

precipitation method
Xiao [16] Mn-doped S-Ni(OH). Buffer solution method 294
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Figure 5. Rate performance of commercial £-Ni(OH)2 and Ni1-xMny(OH)2
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Figure 6. Cyclic performance of commercial 5-Ni(OH), and Ni1-xMnx(OH), at 800 mA.g*

Fig. 6 shows the cyclic performance of commercial -Ni(OH)2 and Ni1-«Mnx(OH)2 at 800 mA-g
1. As shown in Fig. 6, the Mn-doped sample presented better discharge performance and a higher
discharge specific capacity than p-Ni(OH).. The maximum discharge specific capacity of the 5-Ni(OH):
sample was 204.9 mAh-g?, and the maximum discharge specific capacity of the sample x=0.18 was
314.5 mAh-gL. The electrodes of Nii-xMnx(OH). with different Mn contents showed a relatively stable
cycle life. After 30 cycles, the discharge specific capacity of commercial f-Ni(OH). decreased by 6.4%,
whereas that of other Mn-doped samples decreased by 1.9% (x=0.15), 0.49% (x=0.22), and 3.1%
(x=0.25). When x=0.18, the discharge specific capacity of the samples did not decrease. Thus, Mn could
effectively improve the discharge performance and cycle stability of the nickel electrode after replacing
part of Ni.

Fig. 7 is a charge and discharge curve for the fifth cycle of commercial Ni(OH)2 (x=0) and Ni1-
xMny(OH), sample at a current density of 800 mA-g™. In Fig. 7, an oblique line segment and charging
platform were observed in the charging curve of each sample. The oblique line segment could be
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considered a nickel electrode charging platform, and the high potential charging platform corresponded
to the oxygen evolution side reaction. The oxidation reaction of Ni was mainly carried out in the early
stage of charging, and the oxygen evolution reaction occurred in the late stage of charging. The oxygen
evolution platforms of samples x=0.15, x=0.18, and x=0.22 were short, and the discharge specific
capacity was high. When x=0.18, the maximum discharge specific capacity was 311.8 mAh-g. When
x=0.15, the discharge specific capacity reached 303.2 mAh-g*. When x=0.22, the discharge specific
capacity reached 301.9 mAh-g. The samples x=0.25 and x=0 exhibited a long oxygen evolution
platform, and the discharge specific capacity was low. When x=0.25, the discharge specific capacity
reached 204.2 mAh-g 1. When x=0, the discharge specific capacity was 202.5 mAh-g*. Thus, the oxygen
evolution potential of Mn-doped samples was higher than that of commercial Ni(OH)2. In the samples
x=0.15, x=0.18, and x=0.22, the charge median potential decreased and the difference between the
oxygen evolution potential and the charge median potential increased, which facilitated the increase in
charge efficiency [10] and improved the discharge capacity of samples.
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Figure 7. Charge-discharge curves of commercial £-Ni(OH)2 and Nii.xMny(OH)2 at current density of
800 mA.g*!

4. CONCLUSIONS

Ni1xMnx(OH). (x=0.15,0.18,0.22,0.25) cathode materials with different Mn contents were
prepared by buffer solution method. The morphological characteristics and electrochemical properties
of Ni1xMnyx(OH)2 were studied, and the following conclusions were drawn.

(1) XRD analysis showed that the Ni1xMnx(OH)2 samples were all 5 phase, the samples x=0.18,
0.22, 0.25 showed a heterogeneous phase, and the Mn-doped samples presented a narrow half-width and
fine grains.

(2) The SEM test revealed that the Mn-doped sample was finer than the commercial -Ni(OH)2
particles. The specific surface area measurements results showed that the BET surface area of Mn-doped
samples were more and the Mn-doped samples had mesoporous structures.
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(3) The CV test showed that the difference between the oxidation peak and the reduction peak
potential of the Mn-doped sample was small, and the electrode reversibility was good.

(4) The discharge specific capacity of the Mn-doped sample increased first and then decreased
with the increase in the Mn content. When x=0.18, the sample had a discharge specific capacity of 314.5
mAh-g? at a current density of 800 mA-g?, and the discharge specific capacity of commercial -
Ni(OH), under the same conditions was 195 mAh-g™. These results showed that doping Mn could
increase the discharge specific capacity of nickel electrode and improve its current charge and discharge
performance.

(5) When the Mn content was 0.18, the sample showed good cycle stability. The sample was
circulated for 30 cycles under the same conditions. The discharge specific capacity was not attenuated
when x=0.18, whereas the commercial Ni(OH)> was attenuated by 6.4%. The other samples were
attenuated by 1.9% (x=0.15), 0.49% (x=0.22), and 3.1% (x=0.25).

When the Mn content was 0.18 mol%, the discharge specific capacity of A-Ni(OH). was
effectively improved, which demonstrated enhanced electrochemical performance and cycle stability.
Moreover, Mn replaced part of Ni, which greatly reduced the cost of the cathode material.
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