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Novel PVA/SiO, Alkaline Micro—porous Polymer Electrolytes for
Polymer Ni—MH Batteries

Lu, Xia Wu, Renxiang Li, Bobo Zhu, Yunfeng Li, Liquan*
(College of Materials Science and Technology, Nanjing University of Technology, Nanjing 210009)

Abstract New poly(vinyl alcohol)/silica (designated as PVA/SiO,) alkaline micro-porous polymer electrolytes (AMPEs)
were prepared by soaking PVA/SiO, micro-porous composite membranes, obtained by solution casting of PVA/PEG/SiO,
membrane in acetone solution, into an electrolyte solution of 6 mol/L KOH aqueous solution. The morphology and structure
of PVA/SiO, composite polymer membranes were characterized by scanning electron microscopy (SEM) and X-Ray diffrac-
tion (XRD). The SEM photographs showed that the nano-SiO, filler content was a crucial issue for the well-dispersed and
optimal-sized pores which could storage charge carrier durably. Meanwhile, the crystalline of PVA decreased effectively for
a large number of crystal defects and free volume appeared in the interface of inorganic particles and polymer for the addition
of nano-SiO, filler. The electrochemical properties of the AMPEs were measured by the alternating current impedance (AC
impedance) and the cyclic voltammetry (CV) techniques. The results indicated that the PVA/SiO, AMPEs containing 5 ®
nano-Si0, filler exhibited good performances at room temperature, such as 1.62X 1072 Sscm ™' for ionic conductivity and
2.20 V for electrochemical stability window. What’s more, we used the gravimetric method to obtain the electrolyte uptake of
various PVA/SiO, composite micro-porous polymer membranes. From the data, we learned that the maximum electrolyte
uptake could reach to 102.7% and it had very relevance to the size of pores in PVA/SiO, composite polymer membranes, and
then influenced the ionic conductivity. Each polymer Ni-MH battery was assembled by three parts: the new AMPE,
Mg-based hydrogen storage alloy and the commercial sintered Ni(OH),/NiOOH electrode, in which each part did for electro-
lyte and diaphragm, negative electrode and positive electrode, respectively. The cycle experiments of the batteries exhibited a
high first-cycle discharge capacity of 613 mAheg ! and stable discharge capacities about 330 mAheg~' for the following 5
cycles. The results encouraged that the novel AMPEs are prospective for the applications of polymer electrolyte in Ni-MH
battery field.

Keywords PVA; alkaline micro-porous polymer electrolyte; ionic conductivity; cycling stability; polymer Ni-MH battery

1 Introduction

Mg-based hydrogen storage materials, act as the nega-
tive electrode materials in nickel-metal hydride battery
(Ni-MH), have been attracting people’s attention for their
higher theoretical capacity (999 mAhsg '), lower specific
weight and richer resource compared to LaNis-based
(ABs-type)t!! or ZrV,-based (AB,-type) hydrogen storage
materials.'” An innovative method integrating hydriding
combustion synthesis (HCS) and mechanical milling (MM)
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has been proposed in our previous works® to produce
Mg-based hydrogen storage alloys with amorphous or
nonacrystalline structures, which have a high electro-
chemical capacity (996 mAhsg™ "), timesaving and en-
ergy-saving advantages.! As rechargeable cathode materi-
als, Mg-based hydrogen stora%e alloy materials were easily
corroded in alkaline solution,””’ which leads to a decrease
in discharge capacity and hinders their potential applica-
tion in Ni-MH batteries. Making alkaline solid polymer
electrolyte (ASPE) instead of the conventional alkaline
aqueous electrolyte (i.e., KOH) is considered as one of the
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most effective ways to overcome this critical problem.
Limiting OH  in 3D network structure of polymer, it can
greatly reduce the corrosion of Mg-based alloy negative
electrodes during the charge/discharge cycle. What’s more,
ASPEs can provide solutions to the problems of high in-
ternal pressure u?on charging and alkaline leakage in
Ni/MH batteries.®

Compared with polyethylene oxide (PEO) and poly-
acrylic acid (PAA), polyvinyl alcohol (PVA) has been used
as polymer matrix material in ASPEs for its moderate
comprehensive performances in the aspects of ionic
conductivity, tensile strength and chemical stability.
However, none of simple PVA-based electrolytes could
meet the requirements for practical application, so various
approaches, such as blending,”! modifying with cross link-
ing agent,”™! adding plasticizer,”! as well as the addition of
ceramic filler''” have been explored. In recent years, the
researches of porous polymer electrolytes have attracted
great attention of scholars for their promising candidates in
practical batteries. However, more studies focus on lith-
ium-ion polymer batteries!'"! and fewer on alkaline batter-
ies such as Ni-MH, Ni-Zn and Zn-air cells, ezc.!'*!

In our previous investigations, Chen et al.!'* studied the
preparation of PVA-based AMPE with a phase inversion
process by using PEG for a pore-forming agent. Based on
the previous works, we prepared a new PVA/SiO, AMPE
and assembled the polymer Ni-MH batteries: the AMPE
worked as diaphragms and electrolytes, the Mg-based hy-
drogen storage alloy materials for negative electrodes and
the commercial NiOOH acted as positive electrodes. The
discharge capacity of the polymer Ni-MH batteries and
similar conventional cells with 6 mol/L. KOH aqueous so-
lution were tested for comparison.

2 Results and discussion

2.1 Surface morphology

SEM photographs of the top views of the micro-porous
membrane (with different contents of nano-sized SiO,) and
the corresponding bottom surface morphologies are shown
in Figure 1(a)~1(b). The SEM photographs revealed that
the holes in PVA matrix became smaller and more uniform
with more nano-sized SiO,. But with 5 @ more filler, the
holes were heterogeneously-distributed and worse-
dispersed in one side, and crack even appeared. The mi-
cro-porous polymer membranes with well-dispersed and
optimal size pores (ca. 8 um) were obtained when adding 5
® nano-SiO; filler. The nano-sized SiO,, for its strong hy-
drophilic property, combined with water molecule in the
form of hydrogen bond, so the local scope PEG content
increased. After immersing in the acetone solution, PEG
was dissolved for acetone’s extraction ability and the ap-
propriate-sized pores formed at the same time. However,
too less nano-SiO, filler in the PVA solution resulted in
irregular large-sized pores for the heterogeneous disper-
sion. What’s more, excessive nano-SiO, filler tended to
aggregate and caused dispersion problems in polymer host
for its rigidity compared with PVA,''* so linear mi-
cro-crack appeared. The asymmetric pore structures in
two sides of one membrane attributed to the faster decline
rate of PEG than PVA, which was clearly discussed in lit-
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Figure 1 SEM photographs of PVA/X o SiO, (X=1, 3, 5, 7, 9) com-
posite micro-porous polymer membranes with different contents of SiO,:
(a) the top surface (contacted with air); (b) the bottom surface (contacted
with Petri dish during the process of membrane-forming).

erature.m]

2.2 Crystal structure

The X-ray diffraction measurement was performed to
examine the crystallinity of the PVA/SiO, micro-porous
composite membranes with different nano-SiO, filler
compositions. Figure 2 showed XRD curves of the pure
PVA film and the PVA/PEG/0~9 o SiO, composite
membranes. The pure PVA polymer is well known to ex-
hibit a semi-crystalline structure with a large peak at a 20
angle of 19°~20° and a small peak of 39°~40°. The PEG
2000 diffraction pattern exhibited the well-known intense
diffraction peak located at 20=23.6°, which is characteris-
tic of crystallized PEG.!"™ From curve (a) and curve (b)~
curve (g), the large diffraction peak intensity of XRD for
the PVA/PEG/0~9 o SiO, composite membranes was
obviously reduced after adding PEG, which destroyed the
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Figure 2 XRD patterns of PVA-based polymer membranes. (a) Pure
PVA; (b) PVA/PEG+0 ® SiO, (PVA : PEG=7 . 3, below); (c)
PVA/PEG+1 ® SiO,; (d) PVA/PEG+3 o SiO,; (e) PVA/PEGH+5 o
SiOs; (f) PVA/PEG+7 o SiO»; (g) PVA/PEG+9 o SiO,.

crystal structure of PVA and reduced the crystallinity de-
gree of PVA. What’s more, with increasing the content of
nano-Si0O, filler, the relative intensity of the peak further
decreased [curve (b)~curve (g)]. This attributed to the fact
that a large number of crystal defects and free volume ap-
peared in the interface of inorganic particles and polymer
for the addition of nano-SiO, filler, so the crystalline of
PVA decreased effectively and the proportion of amor-
phous region increased. It is well known that there’s a sig-
nificant motion of polymer chain in the amorphous phase
area or the free-volume existing at the interface between
polymer and ceramic filler, the improvement of ionic con-
ductivity of PVA/SiO, composite polymer membranes
must be due to the increased amorphous phase area or
more free-volume in favor of local PVA chain segmental
motion.

2.3 Electrolyte uptake and ionic conductivity

The AMPEs were prepared by immersing PVA/SiO,
micro-porous composite membranes in 6 mol/L alkaline
solution. As we know, the nano-sized SiO, inorganic parti-
cle, quite different from the ordinary SiO,, has the stable
chemical properties: excellent tolerance to heat, acid and
alkali.l'® In other words, the nano-sized SiO, can’t react
with any acid, alkali or organic solvent except the
hydrofluoric acid and the hot caustic, so there’s no worry
about its reacting with cold 6 mol/L alkaline solution, and
quite a number of researchers focused nano-SiO, filler on
modifying PVA-based polymer electrolyte.!'”)

Figure 3 showed the electrolyte uptake and the ionic
conductivity of the PVA/1~9 ® SiO, micro-porous com-
posite membranes with 6 mol/L KOH for 24 h at room
temperature (30 ‘C), and the detailed data was listed in
Table 1.

From the result, it was found that both the electrolyte
uptake and ionic conductivity were strongly depended on
the inorganic filler content and the maximum electrolyte
uptake of 102.7%, the maximum ionic conductivity of
1.62X 1072 Secm ' were achieved when the nano-SiO,
filler content was 5 ®. For AMPEs, the charge carrier
(OH "), acted as conductor, functioned for two parts: one is
the PVA/SiO,/KOH gel electrolyte and the other is the
liquid electrolyte in the micro-porous, and which one play
a dominant role is still a hot research topic.!"®! The excel-
lent ionic conductivity could be one side attributed to the
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Figure 3 Electrolyte uptake and ionic conductivity of the PVA/1™~9 o
SiO, composite micro-porous polymer membranes at room temperature
(30 C).

Table 1 Ionic conductivity and electrolyte uptake of AMPEs with vari-
ous contents of SiO,

S.No. Si0/o Electrolyte uptake/% o/(10 *Secm )
S-1 1 75.5 1.08
S-3 2 95.3 1.43
S-5 3 102.7 1.62
S-7 4 86.2 1.28
S-9 5 82.1 127

© 2013 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

microstructure of the PVA/SiO, micro-porous composite
membrane with an optimal size and well-dispersed pores
with 5 ® nano-SiO, filler content, which could absorb and
storage KOH solution electrolyte, increasing the number of
the charge carrier in the PVA polymer matrix at the same
time. On the other side, the addition of ceramic filler in
polymer matrix reduced the crystallinity of the polymer for
some defects and the free volume at the interface between
the ceramic particles and the polymer,""” which increased
the number of the ions transport tunnels, so the ionic con-
ductivity increased.

With less nano-filler, there were large holes in
PVA-SiO, micro-porous composite membranes. With ap-
propriate nano-SiO, content, the mechanical property
reached the best effect. But with excess filler, the aggrega-
tion appeared. The number of interface layers between the
nano-filler and PVA polymer matrix decreased due to the
partial aggregation, which resulted in the non-uniform pore
distribution and linear crack, all of which led to the in-
crease of brittleness in polymer membranes, and the me-
chanical strength decreased at the same time.*” Mean-
while, KOH electrolyte solution was easily evaporate and
leaking from the porous membranes with large-sized holes
with time, which resulted in a decrease of ionic conductiv-
ity,m so the nano-SiO; filler content was a crucial issue for
the pore structure and distribution.

2.4 Electrochemical stability measurement

As a broad electrochemistry stability window is impor-
tant for the practical application of the PVA/SiO, AMPEs,
a cyclic voltammogram for the SS|JAMPE]|SS test cell was
shown in Figure 4. The electrochemistry stability window
was defined as a region without the flowing of the Faraday
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induced current and it was limited in its cathodic and an-
odic parts, where the reduction and oxidation of the poly-
mer electrolytes and the OH  ions took place.

As shown in Figure 4, the stability window was about
22 V (from —1.1 to 1.1 V) for PVA/5 o SiO, AMPE,
which could meet the requirement of its practical applica-
tion in Ni-MH battery. Table 2 listed the electrochemical
stability window values of PVA/Si0O, AMPEs with various
contents of nano-SiO, filler. It was found that the adding
nano-Si0, filler had little impact on the electrochemistry
stability. It should be noted, the interface area between the
PVA/SiO, AMPE and the blocking electrolytes contained
much more KOH electrolyte, so the electrochemistry win-
dow could be expanded.!'™™

0.1]
o 0.0 J;/
o
=1
@ -0.11
5
O
-0.24
15 -10 05 00 05 10 15
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Figure 4 CV curve of PVA/S © SiO, AMPE containing 6 mol/L KOH
electrolyte.

Table 2 Electrochemical stability window of PVA/X @ SiO, AMPEs.

Nano-SiO, /® 1 3 5 7 9
Electrochemical stability window/V 21 21 22 22 22

2.5 Performances of polymer Ni-MH battery

Figure 5 showed the discharge capacity as a function of
the cycle number of the assembled polymer Ni-MH batter-
ies and conventional cells measured at C/5 charge rate and
C/50 discharge rate, respectively.

As shown in Figure 5, the first-cycle discharge capacity
of the polymer Ni-MH batteries was up to 613 mAheg ™'
which was comparable with the KOH electrolyte Ni-MH
batteries. In the second-cycle, the discharge capacity of the
polymer Ni-MH batteries decreased to 331 mAheg '
sharply, for which the highly active HCS + Mmed
Mg,NiH, alloys on the surface of the electrodes were cor-
roded after the charge/discharge cycle. However, the next
discharge capacities, nearly stable at about 331 mAheg ",
were higher than that of the traditional KOH electrolyte
Ni-MH batteries and other relevant documents obvi-
ously.”?! These results revealed that the Mg,NiH, alloys,
inside of the electrode, were prevented more corrosion by
using the PVA/SiO, AMPEs than the conventional KOH
aqueous electrolyte and the corrosion resistance of the
whole alloys improved.
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Figure 5 Discharge capacity of the assembled Ni-MH batteries meas-
ured at C/5 charge rate and C/50 discharge rate. (a) polymer MH-Ni bat-
teries; (b) conventional cells with 6 mol/L KOH aqueous electrolyte.

3 Conclusions

In this study, the novel PVA/SiO, micro-porous com-
posite membranes were prepared by a phase inversion
process, in which PEG acted as a pore-forming agent and
dissolved in acetone solution later. SEM images indicated
that the optimal-sized and well-dispersed pores were
formed in PVA/5 ® SiO, membranes. XRD patterns
showed a larger amorphous area existed in the
PVA/PEG/0~9 ® SiO, micro-porous composite mem-
branes. The PVA/SiO, AMPE with 5 ® nano-SiO, filler
exhibited the maximum electrolyte uptake of 102.7 %, the
highest ionic conductivity value of 1.62X 1072 S*cm ™' and
a electrochemical stability window of 2.2 V at room tem-
perature. What’s more, the first-cycle discharge capacity of
the Mg,NiH,;+Ni]AMPENi(OH),/NiOOH assembled bat-
teries was up to 613 mAhe*g ', and the discharge capacities
in the next cycles were nearly stable at 331 mAhe*g ', both
were higher than that of the KOH electrolyte batteries and
other researchers. These results showed an attractive po-
tential of the PVA/SiO, AMPEs used in the application of
the Ni-MH batteries.

4 Experimental

4.1 Materials

The main raw materials contained PVA powder (DP=
1700 and alcoholysis =88%, Fuzhou Quartet Chemical
Industry Co., Ltd.), PEG (M,=1900~2200, Shanghai
Hongtu Chemical Reagent Factory), nano-SiO, (10~50
nm, Shanghai Haiyi Scientific & Trading Co., Ltd), Mg
powder (~177 pm, 99.9% purity, Tianjin port of Fine
Chemical Factory) and the Ni powder (2~3 um, 99.7%
purity, Shanghai metallurgical Metal Powder Co., Ltd.).
Acetone and potassium hydroxide (KOH, 85% purity)
were purchased from Shanghai Lingfeng Chemical Re-
agent Co., Ltd. All the chemicals were used as received
without further purification.

4.2  Preparation of PVA/SiO, composite polymer
membranes

The PVA/SiO, micro-porous composite membranes
were prepared by a phase inversion technique. An appro-
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priate quantity of PVA powder was dissolved in distilled
water under stirring. The mixture was stirred continuously
at 70 C for 5 h until it became a homogenous viscous
solution (10 ®). During the stirring, the nano-SiO, powder
with different weights (SiO, : PVA=1, 3, 5, 7 and 9 o)
was added to the PVA solution to achieve a good disper-
sion. The temperature of the mixture was cooled to 30 C,
after that a suitable amount of PEG (dissolved in acetone,
PVA : PEG=7 : 3) was added dropwise into the mixture
under a continuous stirring for 10 h. The resulting solu-
tions were poured onto a Petri dish and then the excess
water was allowed to evaporate slowly at room tempera-
ture to form the PVA/PEG/SiO, composite membranes.
Square pieces (ca. 1.5 cmX 1.5 cm), cut from the dried
PVA/PEG/SiO, composite membranes, were immersed in
acetone at 30 'C for 24 h and it could dissolve the pore-
forming agent, namely PEG, so PVA/SiO, micro-porous
composite membranes with the thickness of 0.020~0.040
cm were prepared.

4.3 Electrolyte uptake, ionic conductivity and elec-
trochemical stability window testing

The pre-weighted (#;) and dried PVA/SiO, micro-
porous composite membranes were immersed in 6 mol/L
KOH aqueous solution at 30 ‘C for 24 h. The PVA/SiO,
AMPEs were taken from the immersion bath and the ex-
cess solution was carefully removed by qualitative filter.
The weight of the wet AMPEs () was then determined.
The electrolyte uptake of the PVA/SiO, AMPEs was cal-
culated by the following equation:

Electrolyte Uptake/% = (W, — W)/ W, X 100

Conductivity measurements on PVA/SiO, AMPEs were
carried out by AC impedance method in a home-made cell.
The PVA/SiO, micro-porous composite membranes were
immersed in 6 mol/LL. KOH for 24 h before testing. The
AMPEs were placed between two stainless steel (SS) elec-
trodes, with a surface area of 0.785 cm?, in a spring-loaded
PVDF holder. AC impedance measurements were per-
formed using a CHI660C electrochemical workstation
(CHENHUA, Shanghai). An AC frequency range from 100
kHz to 1 Hz at an excitation signal of 5 mV was recorded.
Nyquist plots were obtained from each electrolyte, and the
resistances were extrapolated to their x-axis intercepts. The
procedure is the same as our previous work.!"!

Using the same SS|AMPE|SS cell and electrochemical
workstation, the electrochemical stability window can be
obtained by cyclic voltammogram for setting a cycle volt-
age region from —1.50 Vto +1.50 V at a scan rate of 10
mVes '. Experimental temperature was maintained at 30
‘C. The conductivity and the electrochemical stability
window measurements of AMPEs were examined at least
three times.

4.4 Morphology and structure investigation

The surface morphology and microstructure of the
PVA/SiO, micro-porous composite membranes were in-
vestigated by a JSM-6360LV SEM (JEOL, Japan) operat-
ing at 5 kV. Prior to the observations, the membrane sam-
ples were fractured in liquid nitrogen and sputtered with
gold, then examined at 1000 X and 5000 X magnifications.
The crystal structures of the PVA/SiO, micro-porous
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composite membranes were examined with an XRD (D/
Max-3A diffractometer, RIGAKU, Japan) using Cu Ka
radiation and operating at 35 kV and 40 mA. The mem-
brane samples were scanned in the reflection mode with a
260 arllgle between 5° and 70° with a scan rate of 5 (°)°
min .

4.5 Polymer Ni-MH batteries and conventional cells
measurements

The Mg,Ni-based hydride with high discharge capacity
and activity was prepared by HCS+MM as described in
our previous papers.””’ The homogeneous mixture of
0.0412 g alloy powder and 0.1648 g carbonyl nickel pow-
der was cold-pressed into a pellet of 10 mm diameter and
about 0.5 mm thickness under the pressure of 10 MPa.
Then the pellet was directly cold-pressed onto foamed
nickel substrate (ca. 2.0 cmX2.0 cm) which worked as
current collector. The electrochemical measurements were
performed in half-cells consisting of negative electrodes
(MH electrode) and positive electrodes (commercial sin-
tered Ni(OH),/NiOOH electrode). The discharge capacities
of the electrodes were evaluated by the amount of active
substance Mg,NiH, due to the excessive positive capaci-
ties.

The experimental polymer Ni-MH batteries were con-
structed by assembling PVA-SiO, AMPEs sandwiched
between Mg,NiH, hydrogen storage alloy electrode and
sintered Ni(OH),/NiOOH electrode as shown in Figure 6.

Negative electrode (-)

Sintered
Ni(OH),/NiOOH (-)

Foamed nickel
current collector

Mg,NiH; active
substance

AMPE T—>
Figure 6 Schematic structure of the polymer Ni-MH batteries.

The assembled batteries were clamped with two slides in
order to achieve a good electrode/electrolyte interface
contact and then sealed with plastic film to prevent the
evaporation of water in AMPEs. Conventional Ni-MH
cells were also assembled with the same negative and posi-
tive electrodes but 6 mol/LL KOH aqueous solution for
comparison. All the tests mentioned above were examined
at least three times.

The continuous current charge/discharge cyclings were
determined by the LAND Battery Test Instrument (Six
Dimensional Technology, Shenzhen). Each negative elec-
trode was discharged at 60 mA«g ' to the cut-off potential
of —0.6 V and then charged at 300 mA«g ' for 3 h fol-
lowed by 5 min rest. The discharge capacities of the bat-
teries were evaluated by the active substances mass in the
negative electrode.
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