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Abstract 

Zn-Mn complex oxides have been prepared by the organic acid complex methal. X-ray diffraction (XRD) analyses show that Ihc major 
product is a Zn-Mn spin.4 phase. llw capacity of the sample is above 200 mAh g-’ on cycling in aqueous LiOH electrolyte. but deep- 
&charge has great influence on the cycling property of the sample. XRD analysis shows that Li+ ions are intercalated into and extwted 
horn the Zn-Mn spin.4 laltice during the discharge. and charge process. 
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1. Intreduclion 

Zn/Mn& primary batteries have been used for many 
years.. But there has been much less development of Zn-Mn 
secondary batteries. Poor cycling performance is the main 
problem for rechargeable Zn/MnOz batteries [ 11. A 
rechargeablebattery of ZnlZnSO,lZn,Mn,_~O, (x=0.01- 
1.0) has been developed [ 21. The lithium insertion reaction 
of ZnMn,O, has been studied in non-aqueous electrolytes 
[3], but there have been no investigations in aqueous 
electrolytes. 

In this work. the ciaic acid complex method is used to 
prepare Zn-Mn complex oxides. The samples are employed 
as cathode active material in aaueous LiOH cells and the 

e&s 
. . . 
of the samples ate characterized by a.c. impedance and 

cyclic voltammeuic measurements. The intercalation and 
extraction of Li+ ions into the Zn-Mn spine1 lattice in aque 
ous LiOH solution during the cycle are demonstrated by 
X-ray diffraction (XRD). 

2 Experimental 

The Zn-Mn complex oxides were prepared by the citric 
acid complex method. Zn(NOs)s and Mn(NOs), solutions 
wenmixedatgivenZn:Mnratios(Zn:Mn= 1:2,0.9:2,0.8:2, 
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0.7:2.0.6z2.0.5:2.0.4z2). The citric acid was added at ratios 
ofZn:acid=l:l.Mn:acid=l:l.Themixturewasevaporated 
in air and a grey-black solid was obtained. ‘lbe resulting 
samples were ground and activated at 250 “C for 2 h in air. 
they webs then heated at 400,600, BOOT for2 h, rcspactively. 
and the final products were. obtained. 

PowdetXRDanalyseswereperformedusinganaucomated 
Rigaku diffractometer with Cu Ku mdiatioo. 

The cycling performance of the cathode material was 
evaluated in laboratory cells that comprised: Znlsatumtcd 
LiOH aqueous solution (saturated with ZnO) /ZJIM~O, + 
graphite. 

The cathode coasisted of 0.2 g of sample (for example. 
ZnMasO,), 0.8 g of graphite. and 0.08 g of polytetmfhmm- 
ethylene (F-lTE) powder as a binder. The mixture was 
pressed onto a nickel semen at 20 MPa. The cells werecycled 
at a current density of I mA cm-s. 

A Solatron 1250 tiequency response analyser was used to 
perform a.c. impedance measuremeots. The results were. rep- 
resented in electrical conductivities. Samples of 0.2 g prcascd 
into a disc at 14 MPa for I min were used. 

For cyclic voltammetic (CV) expcrimeots. a three-&c- 
tmde cell was used. The working electrode consisted of the 
sample tith graphite paw&r. Zinc foil was used as acounter 
electrode, and a Hg/HgO electrode served as a reference 
electrode (forZnS04electmlytc, thcrefercnceclectmdewas 
a saturated c&me1 (SCE j electrode). The electrolyte was 
the same as that used in cycling performance tests. The scan 
ratewaslmVs-‘. 



3. Rermlts and discussion 

The compositions of the samples as determined by XRD 
analyses. are shown in Table 1. The major product was Zn- 

Mn spine1 (Zn$InJ_,O,). For samples with Zn:Mn ratios 
from 0.52 to 1:2, the composition is similar. The XRD pat- 

terns of samples with Zn:Mn ratios of OS:2 and I:2 are given 
in Fig. 1. Data for only 250 “C and 600 “C samples are shown 
(the 400 “C sample is similar to the 250 “C sample, the 800 
“C sample is similar to 6OG “C sample). At low temperature 

(250. 400°C). the samples are composed of Z~.,Mnz,O, 

and a small amount of ZnO. The amount of ZaO decreases 
when the Zn:Mn ratio is decreased from I :2 to 0.5:2. For the 
samples with a Zn:Mn ratio of 0.4:2. the low-temperature. 
product is pure Zn-Ma spine1 (Zn, sMn, so,) without ZnO 
(seeFig. 2). At high temperature (&Xl, 800°C). thesamples 

with ratios fmm 0.52 to I:2 yield pure Zn-Mn spine1 

(Zn,Mn,_,O.,) (see Fig. I), while the samples with 
Zn:Mn=0.4:2 are composed of Zn,Mn,_,O., and a large 
amount of n-MnzO1 (see Fig. 2). 

The electrical conductivities of the samples are given in 
Table 2. The conductivities decrease from 250 to 400 “C and 

Table I 
Compusition of samples determined by XRD analysis 

Fig. 1. X-my diffraction pmfiles of samples: (a) Zn:Mn= I:Z (b) Zn: 
Mn = 0.5~2. Peaks Iabelkd 1 are from ZnO. 0th~~ zm fmm Zn@n, _p.. 

2mErA 
Fig. 2. X-my diffracdon pm%% ofwmples (ZxMn -0.4~2): (a) 800 “c; 

(b) Mx)‘c (C) 3SO’C.a”d cd) 2.50”C.Peakslabelbd I mefmma-Mn,C$. 
nherr me fran zn-Ma spine, (znJh_“O,). 

from 600 to 800 “C, respectively. ‘this can be attributed to 

the more perfect structure at higher temperature (40fJ “C for 

low temperature and 8o0°C for high temperature). The elec- 
cricalconductivitiesarepoor(IO~*to5XIO~’~~’cm~’). 

Thus, a large amount of graphite must he added to the samples 

while making electrodes in order toimprove theconductivity. 

Typical discharge curves for ZaMn,O, (Zn:Mn = 1:2,800 

“C) areshowninFig. 3.7l1etitstdischargehaspoorcapacity. 
After deep-discharge, however, the capacity is improved. 
This can be observed from the second and following dis- 
charges. A discharge plateau at about 0.9 V is also observed. 

SinceO.9 V iswed astheendvoltage tocalculate thecapacity, 
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2210 “C 400 ‘C WOT mu “C 

Zn:Mn= I.012 20.0 5.6 6.4 1.4 
zn:rmn=o.9:2 14.0 1.2 46.0 3.8 
zn:hfll-0.W 20.0 1.8 4.4 1.5 
zn:Mn=o.7:2 20.0 4.4 8.4 2.3 
mMn=o.6:2 15.0 2.5 28.0 1.3 
Zn:Mn=O.S:2 9.2 1.9 4.4 25 
Zn:Mn-0.4:2 2.0 I.7 27.0 3.0 

’ ‘fhis sample was synthesized at 350 ‘Cc. 

“t 

the capacity may change greatly (see Fig. 4) while the pla- 
teau changes only a little. 

The influence of deepdischarge on capacity is shown in 
Fig. 4. The initial poor capacity can be improved only after 
a deep-discharge, and if it is always deep-discharged, the 
cathode material can be kept at a high specify capacity (above 
200 mAh g-l). By contrast, the capacity falls when deep 
discharge is stopped. 

Samples of different compositions differ in their first dis- 
charges (see Fig. 5(a)), the discharge plateau of 0.95 V for 
sample 3 is attributed to Mn,O,. The cycle performancetends 
to be the same after deep-discharge (see Fig. 5(b) ) 

Cyclic voltammograms for different samples are shown in 
Fig. 6. The scam range is fmm0.6 to - 1.3 V. which is similar 
to the charge/discharge voltage range of tbe cells used in 
cycle performance tests. The first scan begins at about 0 V 
and the negative-going scan is carried out first. The first 
reductive process differs with different samples. while the 
following ox&live and reductive processes are similar. The 
results of Fig. 6 am similar to those of LiMn20, in LiOH 
aqueous solution. The peaks at - 0.7 and + 0.1 V refer to the 

o.o- 
0 ZQ 4 bJ m loo tan 14 loo D 

Fig. 5. Discharge cmves: (a) 6nt discharge. and (6) after deep discbme. 
curves (I) alh&o,: 0.1 g, (2) z&MnMo.: 0.2 g. ad (3) 
7a~~.-“O~n*O,: (zn:Mll=0.4:2,800 ‘C) 0.2 g. 

reductive process (Li+ insertion) aed the oxidativc pmccss 
(Li+ extraction). respectively. The peaks at -1.3 and 
f0.6 V represent the processes of Hz aad Oz evolution, 

respectively. 
Tests performed on the ZnlZnSO,/Zn&in~.& cell 

showed that the system differs from LiOH systems. The 
cyclic voltammogmm for Zn/Z~.flnzsO, in ZnSO. elec- 
tmlyte is shown in Fig. 7. The peaks at - 1.2 and +0.8 V 
indicate the formation of Hz and 4_ No other anodic peaks 
are observed at the same scan rate. so the mechanism of 
Z%.,Mn,,O, in ZeSO. is different from that in LiOIi. 

The XRD patterns of samples (Zn&ia~.&,) before and 
after discharge aodchargeare given in Fig. 8. Afterdischarge, 
a diffraction peak appears oear 18.7” and its relative intensity 



increases with increase in cycle number. Additkwlly. the 
relative intensities of the. 200.202.204 peaks of the Zn-Ma 
spine1 increase greatly while those of the other peaks of Ihe 
Zn-Mn spine1 shows littlechange. Since the 18.7’diffmction 
peak is Ihe characteristic peak of LiMn*O, and the abnormal 
increase of tbe 200,202,204 peaks can be attributed IO the 
insertion of Li+ ions and the fommtion of LiMn,O,, it is 
concluded that Li+ ions inlercalated into the lattice of the 

St,““.“.“““““““,1 
1.0 0.5 0.0 a5 -1.0 -1.5 

Vd&snSCE(V) 

Fig. 7. Q&c vokmmognm of Zn,,,Mn, ,04 in 2 M ZnSO.. 

Zn-Mn spine1 during the discharge. The XRD patterns oftbe 
samples after the third discharge and the third charge clearly 
show that the initial structure. can be only partly restored afler 
cycling. Some irreversible reaction must occur when the cell 
is discharged. 
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4. Conclusions intercalates into and extract from the 7aMn spine1 lattice 

during the respective discharge and charge process. 

For Zn-Mn complex oxides obtained by the organic 
acid method, the major products are Zn-Mn spine.1 References 
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