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A series of Poly (vinyl alcohol) (PVA)-based gel polymer electrolytes dopedwith KOH solution have been synthe-
sized by a cast method in absence of other additives and crosslinkers. Immersion of these membranes in 12 M
KOH solution causes the entrance of a higher amount of KOH and water inside the polymeric matrix. XRD,
TGA, XPS and ATR-FTIR measurements confirm PVA chains restructure depending on the amount of KOH and
water inside the membrane. This fact is in agreement with the improvement of the ionic conductivity,
diminishing of activation energy and increasing of peaks intensities in cyclic voltammograms. Besides, these
PVA-KOH membranes have been tested in Zn/PVA-KOH/Air batteries confirming the importance of the amount
of KOH and water inside the gel polymer electrolyte. Finally, XRD and EDXmeasurements demonstrate the con-
finement of Zn++ close to Zn electrode during the test of Zn/Air batteries, making necessary the movement of
OH– anions inside the membrane, as the only ionic species causing the charge transport through the membrane.
This fact, together with spectroscopic and electrical results allows us to discuss the improvement of the anionic
transport inside the membranes based on the Grotthuss mechanism.
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1. Introduction

Gel polymer electrolytes (GPEs) are materials which are neither
solids nor liquids but hold both the cohesive properties of solids and
the diffusive character of liquids. Hence, these electrolytes have become
relevant due to their use as excellent substitutes of the liquid electro-
lytes or as separators in ionic devices including batteries, super-
capacitors, fuel cells, and others [1–4]. GPEs can be prepared by trapping
liquid electrolytes into different polymer hosts. In this case, the salt pro-
vides free-mobile ions which take part in the conduction process; the
plasticizing solvent allows to increase the conductivity values in GPEs
due to the ions solvating, and the polymer providesmechanical stability.
Hence, the morphology and properties of GPEs will depend on the type
and the amount of polymer host, salt and solvent present in the polymer
matrix. [3–19].

The use of a GPE in a battery needs to fulfil some requirements, such
as high ionic conductivity and good mechanical and electrochemical
stabilities at a wide temperature range [11]. There are numerous previ-
ous studies using different polymer as host material, including polyeth-
ylene oxide (PEO), polyacrylonitrile (PAN), polymethylmethacrylate
(PMMA) and, poly (vinylidene fluoride-co-hexafluoropropylene)
(PVdF-HFP) to name but a few, which have been tested in different
ndez Romero).
battery types [11–19]. However, among biodegradable synthetic poly-
mer, polyvinyl alcohol (PVA) is a promising candidate material to be-
come the polymer host due to its ability to provide good optical,
mechanical and electrochemical properties. PVA is also a semi-
crystalline polymer with high hydrophilicity, easy to prepare, non-
toxic and cheap material.

PVA doped with potassium hydroxide (KOH) has been studied ex-
tensively and received much attention due to their wide application in
electrochemical devices such as super-capacitors, anion exchange
membranes for fuel cells and Zinc alkaline batteries [4–10].

KOH is incorporated to the PVA to provide free ions mobiles inside
the membrane. However, the addition of KOH raises the amorphous
character of polymer chains and diminishes the thermal stability of
the PVA film [9]. Besides, the ionic conductivity of PVA-KOH polymer
is highly influenced by the amount of KOH and H2O molecules inside
the membrane [9,20,21]. Ionic conductivity values of 4.7 10−2 S cm−1

have been reported for PVA-KOH films [9].
In addition, with the aim to improve their electrochemical and me-

chanical properties, PVA has been blended with others materials, such
as polymers, crosslinking agents or chemically inert materials.
[5,6,22–28]. For instance, ionic conductivity values of 2.2 10−1 S cm−1

have been reached for a PVA-KOH polymer cross-linkedwith poly (eth-
ylene glycol) diglycidyl ether (PEGDGE) [27].

In thiswork, new results obtained for PVA-KOHhydrogels by several
experimental techniques, such as XRD, TGA, XPS and ATR-FTIR, have
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demonstrated the polymer structural changes occurred in the polymer
electrolyte depending on the amount of KOH and H2O molecules
added to the PVA. Besides, AC Impedance spectroscopy, cyclic voltamm-
etry and Galvanostatic Discharge tests have evidenced the improve-
ment of the ionic transport along the membrane depending on the
amount of KOH and water in the film. Finally, XRD and EDX measure-
ments demonstrate the confinement of Zn2+ close to Zn electrode dur-
ing the test of Zn/Air batteries, making necessary themovement of OH–

anions inside the membrane, as the only ionic species causing the
charge transport through the membrane. This fact, together with spec-
troscopic and electrical results allows us to discuss the improvement
of the anionic transport inside the membranes based on the Grotthuss
mechanism.
2. Material and methods

PVAMOWIOL 18–88 (MW130.000), PVA 20–98 (MW125.000), KCl
(N99%), NaOH (N97%) and KOH (85%) were obtained from Sigma-
Aldrich., Millipore water with resistivity of N18MΩcmwas always used.

The preparation of the GPEs was carried out following the solution
casting method. Briefly, PVA was dissolved in deionized water at 90 °C
under severe stirring for two hours until a clear solution was obtained.
Once the solution was cold, different volumes of KOH 6 M were
dropwise added maintaining the stirring. The resulting liquid was
then poured into a Petri dish and let to cast in controlled atmosphere
to avoid the presence of carbon dioxide. After that, the membranes
were kept in a desiccator until required for use. Specimens of 12mmdi-
ameter were punched immediately before being tested in batteries and
conductivity measurements.

Besides, PVA-KOH soaked membranes were obtained starting from
specimens of PVA-KOH gels dried for 10 days, which subsequently
were immersed in KOH 12 M for 24 h prior to be used in any test. The
soak step was also carried out in absence of CO2 into an atmosphere
controlled desiccator. Before any test, all specimens soaked or not,
were rinsed with plenty of water to remove the rest of KOH from the
membrane surface.

Table 1 shows the initialweight of the components used in each pre-
pared GPE. Membranes PVA-KOH 10, PVA-KOH 30 and PVA-KOH 50
have been obtained adding 10 ml, 30 ml or 50 ml of 6 M KOH solution
to the PVA solution, respectively. Besides, membrane PVA-KOH 30
swollen (designed by PVA-KOH 30 sw) stand for a PVA-KOH 30 mem-
brane, which was immersed in a 12 M KOH solution for 24 h.

X-ray diffraction patterns were collected using a computer-
controlled Bruker D8 Advance laboratory diffractometer, operated in
the reflection Bragg–Brentano geometry and configured in the θ/θ
mode to maintain a horizontal sample position at all times. The data
were collected at room temperature, using Cu-Kα (λ = 1.5418 Å).

XPS spectra were recorded using a hemispherical analyzer. Non-
monochromatized Mg Kα (1253.6 eV) X-rays were used. The data are
analyzed after removing theMg Kα satellite lines, as well as subtracting
a Shirley type background and charge referenced to CH2 species of C 1s
peak at 284.8 eV. Peak fitting of C ls and O 1s were performed using
Table 1
Initial weights of PVA and KOH used to prepare themembranes and Activation Energy, Ea,
and Ionic Conductivity values, σ, obtained for each membrane.

MEMBRANE mPVA /g mKOH /g Ea /eV σ /Scm−1

PVA PURE 4 0 - ≈ 10−10 [33]
PVA-KOH 10 4 3.36 0,18 0.012
PVA-KOH 30 4 10.10 0.15 0.14
PVA-KOH 50 4 16.83 0.21 0.16
PVA-KOH 30 sw 4 10.10 + χ 0.16 0.34

χ is the additional amount of KOH incorporated into themembrane during the immersion
of themembrane in 12M KOH solution. Ionic conductivity values have been obtained at T
= 20 °C.
Gaussian line-shapes with a fixed FWHM of 1.8 eV and 2.1 eV,
respectively.

SEM coupled with EDX analysis was carried out using a Hitachi S-
3500 N scanning electron microscope (Hitachi High-Technologies Cor-
poration, Tokyo, Japan), using 70 Pa chamber pressure for back-
scattered electrons (BSE) or b1Pa for secondary electrons (SE). Micro-
analysis was done with a XFlash 5010 Bruker AXS Microanalysis, with a
resolution of 129 eV.

ATR-FTIR spectra were obtained using a Thermo Nicolet 5700 Infra-
red Spectrometer in the wave number range from 400 cm−1 to
4000 cm−1. Thermo-gravimetry analysis was done on samples of
5–10mg using aMettler-Toledo TGA/DSC 1HT up to 700 °C, at a heating
rate of 10 °C/min and under N2 atmosphere. Cyclic voltammetry was
carried out using symmetric Zn/GPE/Zn cells by means of a Biologic
VSP Modular 5 channels potentiostat/galvanostat.

Ionic conductivity was determined from AC impedance measure-
ments using the same potentiostat/galvanostat in the frequency range
from 100 kHz to 40mHz. The temperature was set by a Julabo F25 ther-
mostat in the range from 278 to 343 K. Two platinum electrodes of
1 cm2 area were used, which acted as blocking electrodes.

Ionic conductivity, σ, was calculated from the equation:

σ ¼ l=RbA ð1Þ

Galvanostatic Discharges were performed at 20mAusing a Biologic VSP
Modular 5 channels potentiostat/galvanostat. The contact area was al-
ways 1.1 cm2 and stainless steel current collectors were used. The cath-
ode used in the experiments was the Air E4B electrode supplied by
Electric Fuel Ltd. Zn powder (98.7%) and Zn plates (99.97%) used as
anode in these cells were purchased from Goodfellow and Española
del Zinc S.A., respectively.

Polarization curves were carried out with a current scan technique
included in EC-Lab® software of the Biologic VSP potentiostat/
galvanostat. The intensity changed from 0 to 100 mA at 0.1 mAs-1
scan rate. Before performance a current scan the battery was main-
tained at open circuit voltage (OCV). Three consecutive current scans
were registered.

2.1. Membrane weight change

It is well known that the chemical and physical properties of the hy-
drophilic membranes are affected by the water content. [9,20,21] Be-
sides, PVA membranes undergo swelling but they can also lose water
as a function of ambient temperature and relative humidity. This fact
is an important drawback for their application in devices such as Zinc/
Air batteries [29].

In order to check the changes with the time of the membrane water
content,we have studied howmembranesweight ismodifiedwith stor-
age time at ambient temperature. Fig. 1A shows theweight changes of a
PVA-KOH 30 membrane for 25 days. As it can be seen, the membrane
suffers a quick dehydration process during the first 72 h, but, after
that, the loss of water slows down until it reaches a steady state.
Fig. 1A displays also the ionic conductivity changes occurring to a
PVA-KOH membrane maintained at room ambient temperature. As
can be seen, ionic conductivity values tend to a constant as it was ob-
served for membrane weights.

With the aim of keeping reproducible conditions asmuch as possible
for the experiments where water content could play a critical role,
membranes were always used after storage for 10 days at ambient tem-
perature, assuring in this way steady water content.

Besides, we have monitored the weight changes of PVA-KOH 30
soakedmembranes,whichwere stored 10 days at ambient temperature
and then left soaking for 24 h in a 12 M KOH solution. In this case, we
observe a quasi-steady weight and ionic conductivity behavior for
20 days, from the beginning (Fig. 1B). Note that measurements for



Fig. 1. Membranes weight and ionic conductivity values changes with the storage time at ambient temperature. A) For a PVA-KOH 30 membrane and B) For a PVA-KOH 30 swollen
membrane.
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soaked membrane start when the hydrogel was pulled out of the 12 M
KOH solution, that is after 24 h immersed in this solution.

On the other hand, when a dry hydrophilic polymer, such as PVA, is
dipped in water the interaction between water molecules and polymer
chains provides an expansion of the polymer until reaching an equilib-
rium swelling level. The swelling behavior of hydrogels can be
ascertained by different methods. We have calculated the swelling
ratio (SR) following the next equation [5]:

SR ¼ 100 x
me−md

md
ð2Þ

where md and me are weights of samples before and after swelling, re-
spectively. The immersion time in KOH 12 M was always 24 h. Table 2
shows the swelling values for five PVA-KOH 30 membranes. A SR
value of 34 ± 2% was always obtained.

3. Results and discussion

3.1. Structural characterization of the gel polymer electrolytes

3.1.1. XRD
The X-ray diffractometry (XRD) is a useful tool to distinguish the dif-

ferent crystalline phases of PVA-KOHhydrogels [30,31]. Fig. 2 shows the
XRD spectra of pure PVA as well as PVA-KOH membranes at different
concentrations of KOH, which are very similar to those previously re-
ported [30]. Besides, a PVA-KOH 30 swollen membrane is displayed.
Table 2
Swelling ratios for different PVA-KOH-30 membranes after their immersion for 24 h in
KOH 12 M.

Sample Initial weight /g Weight after soaking /g Swelling Ratio /%

A 0.93 1.23 32.26
B 0.75 1.00 33.33
C 0.76 1.02 34.21
D 0.73 0.99 35.62
E 0.78 1.03 32.05
The pure PVA pattern shows a big peak at 2θ=20° and a secondary
peak at 40.5°. These peaks indicate a certain extent of crystalline phase
in pure PVA, which can be associated with polymer chains alignment
due toH-bonds formed betweenOHgroups of packedPVA chains. How-
ever, once the KOH solution is incorporated inside the polymer matrix,
lower intensity and wider peaks are found in the XRD patterns, indicat-
ing an increase of the amorphous domains in the PVA structure [32].
Note that the PVA-KOH 30 sw membrane presents the lower intensity
peaks.

These changes have to be provided by the retention of KOH and
water molecules inside the polymer, which will be related to interac-
tions between KOH, H2O molecules and PVA chains.

3.1.2. XPS measurements
As can be seen in Fig. 3A for a PVAKOH 30membrane, XPS peaks ob-

served at 292.5 and 295.3 eV assigned to K2p3/2 and K2p1/2 demonstrate
the presence of K inside the PVA-KOHGPE. Besides, C1s region is shown
in this figure. The analysis of C1s core level shows a main peak at
284.8 eV attributed to CH2 species of the polymeric chains, two small
components at 286.5 and 287.8 eV assigned to C-OH [33] and carbonyl
C_O species, respectively, and a more pronounced peak at 289.3 eV at-
tributed to carboxylate –COO species [34]. The presence of this peak
confirms the existence of acetate groups inside the polymer, which is
expected because the PVA used in thiswork is not fully hydrolyzed, con-
taining up to 12% acetate groups, as manufacturer datasheet indicates.
Besides, a low binding energy component is also observed at 282.7 eV.
This component indicates the interaction between a metal (K) and the
carbon.

On the other hand, the O1s region obtained for the PVA-KOH GPE is
displayed in Fig. 3B. Deconvolution of the O 1s spectra is complex due to
the small differences in O ls binding energy for -OH, C_O, and C-O-C
species, together with the broadness of the peaks [35]. O1s experimen-
tal peak has been fitted with three components at 528.9, 531.0 and
532.7 eV.

Themain peak at 531.0 eV has been assigned to -OH, C_O, and H2O
species, without being able to distinguish between them. The peak at
532.7 eV can be assigned to the single bonded oxygen in the carboxylate
–COO group, since this oxygen atom presents higher binding energy



Fig. 2. XRD patterns of the prepared membranes.
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than the oxygen atoms present in the -OH, C_O, and H2O groups. [35].
Finally, the lower binding energy component observed at 528.9 eV has
to be assigned to the interaction between O and a Metal (M-O). In this
case, as only Kmetal is inside the polymer, this peak points to a K\\O in-
teraction and taking into account the low binding energy shoulder of
the C 1s orbital, it is interesting to note the presence of K bonded to C
and O. The presence of Metal-C-O complexes has been already reported
in the literature for evaporated Aluminum on PVA [36].

3.1.3. Thermogravimetric analysis
Fig. 4 compares the thermos-gravimetric curves of pure PVA with

PVA-KOH gel electrolytes. Initially, pure PVA presents a 10% weight
loss, which is attributed to free water remaining in the membrane. A
Fig. 3. XPS spectra of PVA-KOH 30 membrane. A) C1s and K2p region. B) O1s region.
secondweight loss proceeds quicklywith onset at 310 °C and it involves
two processes: elimination of side chains acetate groups and OH groups
to produce polyenes [37,38]. At around 420 °C a third step is observed
which has been assigned to PVA backbone breaking [37,38]. These
three steps are clearly identified in the TGA derivative curve (inset in
Fig. 4). At the end, only a 5% of initial weight of pure PVA remains.

With respect to PVA-KOH membranes, all of them have a mass loss
at around 100 °C. However, the amount of water is higher with the
quantity of KOH solution used during the synthesis process. A second
weight loss is observed at around 200 °C, which will correspond to OH
groups and side chains elimination. Finally, the third weight loss, corre-
sponding to PVA backbone breaking, is observed at around 430–440 °C
[37,38].

It should be noted thatwhile the onsets observed for thefirst and the
third steps are close for all membranes, the onset obtained for the sec-
ond step for PVA-KOHmembranes occur at 110 °C lower than the tem-
perature obtained for pure PVA. Furthermore, the inclusion of KOH and
water inside the membrane only affects the second step, which is re-
lated to the removal of OH groups and side chains of PVA. This fact indi-
cates that KOH-H2O included in the membrane interact with OH and
carbonyl groups of the PVA chains. Thus, the thermal stability of the
PVA system is diminished once the KOH-H2O is incorporated to the
Fig. 4. TG curves of the prepared membranes. Inset shows the differentiated TG curves of
PVA-KOH membranes.
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gel [9]: it must disrupt somehow the interaction between OH groups of
nearby polymer chains, making the newpolymer structureweaker. This
result is in agreement with the KOH interaction with PVA chains de-
duced from ATR-FTIR spectra, as it will be commented below. It is
known that at higher water contents, water molecules weaken the hy-
drogen bonds between polymer chains and it leads to an increase in
free volume [39].

This argument is again supported by the PVA-KOH 30 soaked mem-
brane TGA results shown in Fig. 4, where the second step occurred at an
even lower temperature. As can be seen, this curve is very different from
those obtained from non-swollenmembranes, pointing to a great struc-
tural change. At 100 °C there is a weight loss of 27%, indicating that this
membrane presents a higher amount of water. At 150 °C, a change of
slope is observed, which corresponds to OH and acetate groups elimina-
tion, confirming that membrane stability clearly decreases. Besides, a
small step is observed near 400 °C. These results are in agreement
with the crystallinity loss observed in XRD spectra when KOH is incor-
porated to PVAmembranes: amore amorphous GPE has lower stability.

Finally, we have paid attention to the residue remaining at 700 °C for
each membrane analyzed. For pure PVA membrane only 5% of the total
weight remains, while those membranes including KOH present higher
weight rest at 700 °C, which increaseswith the amount of KOH incorpo-
rated inside the membrane. This rest material should be related to the
amount of potassium, which could form K2O compound at these high
temperatures, as it has been proposed before [40].

With respect to the PVA-KOH 30 swollenmembrane, the residue re-
maining at 700 °C is 58.3%, which is lower than the percentage obtained
for a similar non-swollenmembrane, 63.9%. This apparent contradiction
is explained considering the initial weight of both membranes and the
swelling percentage for the PVA-KOH soaked membrane. Table 2 pre-
sents the initial and after swollen weight measured for 5 different sam-
ples of PVA-KOH 30 membranes. As can be seen, a 34 ± 2% swelling
ratio has been always obtained. Considering the sample weights used
in TGA analysis and the percentages remaining at 700 °C, we can calcu-
late that non-swollen membranes hold 0.49 g of K compounds, while
the swollen ones hold 0.59 g. From this calculation, we can conclude
that during the swollen process more KOH, together with water mole-
cules, has penetrated in the membrane from the KOH 12 M solution.
Fig. 5. ATR-FTIR spectra of the PVA Pure and PVA-KOHmembranes. PVA-KOH sw denotes
a PVA-KOH 30membrane swollen in 12M KOH for 24 h. Spectra of 6 M KOH solution and
PVA-KCl 30 are included to compare.
3.1.4. ATR-FTIR spectroscopy
In agreement with the XRD and TG results, introduction of KOH so-

lution inside the membranes affects clearly the bands observed in the
ATR-FTIR spectra (Fig. 5).

The pure PVA characteristic bands [41,42] can be observed in the
ATR-FTIR spectrum shown in Fig. 5. Among them, bands at 1243,
1084, 945 and 1732–1710 cm−1 are attributed respectively to ν (C-O-
C), ν (C\\O), ν (C-C-O) and ν (C=O) modes due to the acetate groups
remaining in the PVA structure from its manufacturing process. As it
has been mentioned before, the presence of these bands is reasonable
since 12% acetate groups are included in the PVA used, as the manufac-
turer datasheet indicates.

Conversely, when KOH is incorporated to PVA, several changes are
found. Introduction of water molecules inside the polymer together
with KOH is demonstrated by the 1640 cm−1 band, which appears in
all spectra of PVA-KOH membranes, in agreement with KOH solution
spectrum, included in Fig. 5. Besides, bands at 945, 1245 and
1732–1710 cm−1 assigned to acetate groups disappear. This behavior
may be related to the hydrolysis of acetyl groups by OH– groups of the
KOH. However, in this case, peaks due to acetate groups should be ob-
served in ATR-FTIR spectra although they were cleavaged from the
PVA chains. On the other hand, XPS measurements have demonstrate
the presence of C_O groups, which are due to acetate groups. In addi-
tion, several articles have reported the shift, diminution and/or
disappearing of ~1740 cm−1 band of C_O groups, as a result of the in-
teractionswith cations or due to crosslinking of the PVA chains. [43–46]
Furthermore, the changes observed in the ATR-FTIR spectra point to
interactions between KOH and PVA chains, as it was already deduced
from XRD, XPS and TG measurements. Since oxygen atom in OH and
C_O groups of the PVA is a strong electron donor due to it has lone
pairs of electrons available, K+ cations will be coordinated with these
groups forming complex such as C=O⋯K+ or C-O⋯K+ These type of in-
teractions has already been proposed for PVA dopedwithMg2+ or Cd2+

salts [37,38]. XPS measurements confirm also this aspect (Fig. 3).
This interaction can be also checked out analyzing the 1084 cm−1

band observed for Pure PVA and assigned to ν (C\\O).When KOH is in-
corporate to the membrane, this band diminishes their intensity and
shifts at 1094, 1097 and 1099 cm−1 for PVA-KOH 10, 30 and 50 GPEs,
confirming the C-O⋯K+ interaction. In addition, a new peak observed
at 1560 cm−1 appears in all GPEs doped with KOH, which can be
assigned to carbonyl groups. A similar result has been already reported
by J. Qiao et al. [5,46], who observed that introduction of KOH inside
PVA-based membrane provided disappearance of the C_O peak ob-
served at 1718 cm−1 while a new characteristic band centered at
1571 cm−1 appeared. These authors attributed this behavior to a dispro-
portionation reaction of the “free” –CHO groups of the glutaraldehyde
(GA) included in the membrane and assigned the 1571 cm−1 peak to
the stretching vibration of the potassium carboxylate [C=O(-O-K)]
formed. However, in thisworkwe have not ever usedGA as crosslinking
agent. Thus, we can associate the band observed at 1560 cm−1 to the in-
teraction between the acetate groups of the PVA and cations K+.

On the other hand, important spectral changes are observed in the
fundamental OH stretching region at 3000–3500 cm−1. It has been fre-
quently reported broader peaks and shifted to a lower wave number in
this region when a higher quantity and stronger H-bonding are formed
[47]. Hence, as it is observed in Fig. 5, PVA-KOH GPEs show shifts to
lower frequencies and more broadness bands with the higher amount
of KOH incorporated into the PVA. This result indicates that, though
the inclusion of KOH solution inside the polymeric matrix provides
the rupture of the inter chains H-bonds, a higher amount of H-bridges
is formed with the increasing of KOH and H2O molecules inside the
GPE. Furthermore, a new H-bond network will be formed by PVA OH
groups, water molecules and hydroxyl groups of KOH.

Fig. 5 also shows the spectrum of a PVA GPE doped with KCl, com-
pared with those obtained for KOH-PVA 30 and Pure PVA. Surprisingly,
the PVA-KCl spectrum is very similar to the one obtained for Pure PVA,
although an intense 1640 cm−1 band is observed and the OH stretching
band (in 3000–3500 cm−1 region) is more intense than the one
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obtained in pure PVA spectrum. Both facts can be explained by a higher
amount of water molecules inside the PVA-KCl GPE. Besides, in this case
all the pure PVA bands are observed in this spectrum with minimal in-
tensity changes and shifted slightly. Among them, it has to be noted
that the carbonyl band of acetyl groups is shifted until 1712 cm−1 and
v (C\\O) mode is shifted to 1089 cm−1. These shifts may indicate C=
O⋯K+ and C-O⋯K+ interaction, though weaker than those appearing
in PVA-KOH. This result confirms that Cl− anions have a small influence
on the PVA chains compared with the hydroxyl groups of KOH.

Finally, we have also recorded an ATR-FTIR spectrum of a PVA-KOH
30 swmembrane, obtained by soaking a PVA-KOH-30 in KOH 12 M for
24 h (Fig. 5A). We found that the spectrum obtained does not show sig-
nificant changes with respect to non-swollen membrane spectra. The
Fig. 6. A) Conductivity values of the PVA-KOH based membranes with the temperature, indic
swollen membranes. Inset: 50 consecutive cycles of the swollen membrane. C) Discharge
membrane in 12 M KOH solution, using a Zn plate as anode. D) Discharge curve of a Zn/PVA
immersed 24 h in 12 M KOH solution. E) Polarization curves of a Zn/PVA-KOH 30 sw/Air batte
OCV period. F) Potential versus time during the polarization measurements, including OCV and
same peaks obtained from the non-swollen membrane are observed
in this case, except for wider bands at≈3300 cm−1, which has to be re-
lated to the incorporation of an additional amount of KOH andwater in-
side the membrane, as it has already been deduced by XRD and TG
measurements. Besides, 1560 cm−1 appeared and the v (C\\O) mode
was shifted to 1102 cm−1.

3.2. Electrical and electrochemical properties

3.2.1. Temperature dependence of ionic conductivity
Fig. 6A shows the variation of ionic conductivity with the tempera-

ture for PVA based GPEs with different concentration of KOH. All plots
obey Arrhenius behavior throughout a wide temperature range, as it is
ating an Arrhenius behavior. B) Cyclic Voltammograms of PVA-KOH 30 and PVA-KOH 30
curves of Zn/PVA-KOH 30/Air batteries with the immersion time of the PVA-KOH 30
-KOH 30 sw/Air, using Zn powder as anode. In this case, the PVA-KOH membrane was
ry at 0.1 mAs−1 scan rate. Three consecutive polarization curves were carried out after a
polarization curves.
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confirmed by data fitted to the equation:

T ¼ σ0 exp −Ea=kBTð Þ ð3Þ

where σo is the pre-exponential factor, Ea the activation energy, kB the
Boltzmann constant and T the testing temperature. From slopes in
Fig. 6A the activation energy values can be obtained, which are shown
together with conductivity values at 20 °C for all membranes in
Table 1. Lower Ea values of 0.15 ± 0.01 were obtained for PVA-KOH
30 and PVA-KOH 30 sw membranes, with respect to PVA-KOH 10 and
PVA-KOH 50. As can be seen in this Figure and Table 1, similar ionic con-
ductivity values of 0.15 ± 0.01 Scm−1 at 20 °C were obtained for PVA-
KOH 30 and 50 GPEs, which are much higher than those resulted for
PVA-KOH-10 membrane, 0.012 Scm−1. However, the highest conduc-
tivity value, 0.34 Scm−1 at 20 °C, was obtained for PVA-KOH 30 sw hy-
drogel, confirming the relevance of soaking the PVA-KOHmembranes in
12 M KOH solution.

Temperature dependence of PVA-KOH 30 sw membranes is also in-
cluded in Fig. 6A. As can be seen, the soaking of the membrane in KOH
obeys again Arrhenius behavior, but conductivity values notably in-
crease with respect to those not soaked. Increase of conductivity values
of swollen membranes has to be related with the entrance of an addi-
tional amount of KOH and water during the swollen process, as it has
been confirmed by ATR-FTIR, TGA and XRD measurements.

3.2.2. Cyclic voltammetry
In order to confirm the ionic transport into the GPEs, a cyclic

voltammetric (CV) study was carried out using a Zn/GPE/Zn symmetric
cell. Fig. 6B shows the voltammetric behavior of PVA-KOH 30 and PVA-
KOH 30 sw membranes. A huge increase of the current density is ob-
served, which has to be associated with the effect of water and KOH up-
take during the soaking process.

As can be seen, a quasi-reversible behavior is obtained for oxidation/
reduction processes, with a and c peaks charges very closed. Besides, in
the cathodic sweep a low anodic peak, b, is observed. This peak has been
reported before, and it was assigned to the further oxidation of Zn after
the dissolution of the passive film formed on the Zn electrode surface,
which come off during the cathodic scan [48]. These authors use a con-
vectional three electrode cell, with Pt as counter-electrode, and ob-
served the peak b only in the cathodic branch of the voltammogram.
Fig. 7. A) XRD patterns of PVA-KOH membrane used in Zn/PVA-KOH 30 sw/Air batteries after
lines show the ICDD database cards of Zn [Card-00-004-0831] (blue) and ZnO [Card-00-036-1
However, we have used a Zn/PVA-KOH/Zn cell and this is the reason
why we found this peak type, b and b', in both voltammetric branches.

Besides, the quasi-reversible behavior of the oxidation/reduction
processes is demonstrated in the inset of Fig. 6B, where 50 consecutive
cycles of the PVA-KOH soaked membrane are shown, confirming a very
steady behaviorwith the cycling. This result corroborates the usefulness
of this membrane type in rechargeable batteries.

CV results together with ionic conductivity and activation energy
values confirm that these membranes should be good candidates to be
used as gel polymer electrolytes in Zn-based batteries.

3.2.3. Zn/GPE/Air batteries
Electrochemical performance of Zn/PVA-KOH/Air batteries has been

examined carried out by galvanostatic discharge profiles and polariza-
tion curves. With the aim of proving the usefulness of PVA-KOH mem-
branes as polymer electrolytes, we have tested Zn/PVA-KOH/Air
batteries at −5 mA discharge current, using a Zn plate as anode. As
can be seen in Fig. 6C, non-soaked membrane provides a very low dis-
charge capacity value, 7 mAh. However, discharge capacity values in-
crease with the time the membrane was soaked in the 12 M KOH
solution. Discharge capacities of 110 mAh were obtained for a PVA-
KOH membrane soaked in 12 M KOH for 24 h.

Besides, a soaked PVA-KOH 30 membrane has been tested in a Zn/
PVA-KOH/Air battery at room temperature, using a Zn powder anode
instead of Zn plates. Fig. 6D shows the first discharge and charge curves
carried out at −20 mAcm−2, where discharge capacities of ~300
mAhg−1 were obtained.

Additionally, polarization curves were accomplished from 0 to
100mA at 0.1mAs-1 current scan rate (Fig. 6E and F). Three consecutive
scanswere carried out after an open circuit voltage (OCV) period. Fig. 6E
shows the repeatability of the potential versus intensity curves, ob-
tained after OCV periods, where the same potential of 0.9 V at 100 mA
was reaching in the three curves. Fig. 6F displays the potential versus
time of the complete polarization measurement, where a OCV initial
value of 1.43 V was obtained. As can be seen, after each polarization
curve and a OCV period of 16 min this potential value was reached
again, confirming the repeatability of the discharge curves.

Finally, we have confirmed that this kind of membranes can be used
in rechargeable batteries. Two membranes used in discharge and dis-
charge/charge processes have been analyzed by XRD (Fig. 7A). As it is
a Discharge and a Discharge/Charge cycle curves of Zn/PVA-KOH 30/Air batteries. Vertical
451] (red) B) Discharge and Charge curves of a Zn/PVA-KOH 30 sw/Air battery.



Scheme 1. Structure of a PVA membrane without KOH.

Fig. 8. SEM image and EDX line profile analysis of the cross section of a PVA-KOH30 swmembrane used during a discharge in a Zn/PVA-KOH/Air battery. Zn, K, andO atomswere analyzed
by EDX line profile from the membrane surface that was in contact with Zn electrode until reaching 3600 μm in depth.
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shown, only ZnO is observed after a discharge process and only ZnMetal
peaks appeared after a discharge/charge process, confirming that Zn
Metal was oxidized forming ZnO during discharge and all Zn2+ cations
were reduced to obtain again Zn Metal during the charge process. Note
that the XRD analyses shown in Fig. 7 were carried out to PVA-KOH
membranes, not to Zn electrodes. Fig. 7B shows the discharge and
charge curves.

3.3. OH– transport inside the PVA-KOH membranes

The alkaline PVA-based polymer electrolytes have shown ionic
transport properties of anionic exchange membranes (AEM) with neg-
ative transport numbers, t−, close to 1. Thus, C\\C Yang et al. [28] re-
ported t− values ranging between 0.92 and 0.98 for PVA-KOH
polymers, depending on the intensity applied and solution concentra-
tion used to carry out the t− measurements by Hittorf's method. Be-
sides, when tetraethyl-ammonium-chloride (TEAC) was incorporated
to PVA-based membrane, t− values of 0.99 were reached.

In this sense, we have obtained similar t− values following an Evans
method [11,17], but we have used two Zn electrode to obtain the an-
ionic transfer number of PVA-KOHmembranes. A 0.99 t− valuewas ob-
tained for PVA-KOH membranes soaked in KOH 12 M solution,
confirming the OH– anions as the only ionic species moving through
the membrane.

With the aim to confirm if Zn2+ cations are moved through the
membrane, we have carried out additional experimental measures.
Fig. 8 shows a SEM image of the cross section of the PVA-KOH 30mem-
brane used during a discharge in a Zn/PVA-KOH/Air battery. Besides, we
have carried out a EDX line profile analysis of Zn, K, and O from the
membrane surface that was in contact with Zn electrode until reaching
3600 μm in depth. As can be seen, O amount is stable all along themem-
brane. However, K and Zn varies with the depth: K quantity isminimum
near the Zn electrode (x= 0), but at x = 150 μm increase quickly until
reaching a stable valor in the electrolyte bulk. Conversely, Zn is maxi-
mum close to Zn electrode, between x = 0 and x = 100 μm, after that
it goes down slowly until x = 500 μm, where the amount of Zn2+ is
zero. It should be noted that Zn atoms are confined to 0–500 μm zone
and, beyond that Zn is not observed. Paying attention to the SEM
image, a change of the membrane structure is clearly observed near
500 μm (this interface is marked with an orange line in the image).
This result confirms that ZnO is formed close to Zn electrode surface
and Zn2+ cations are not transported to the electrolyte bulk. As it is
shown in XRD difractograms carried out on the PVA-KOH side in contact
with the Zn electrode, ZnO peaks are observed in the PVA-KOH mem-
brane after discharging process, but only Zn Metal peaks appear for
themembrane used in a discharge and charge cycle (Fig. 7), confirming
that this battery can be recharged.

Furthermore, the ionic transport is mainly anionic in our PVA-KOH
membranes and thus, we can consider the OH– as the only species con-
tributing to the ionic transport inside the membrane.

Several transport mechanisms have been considered to participate
in the OH– transport through a membrane, such as diffusion, migration,
convection or the Grotthuss mechanism. Although all of these mecha-
nisms can participate in the OH– transport, several authors assume
OH– is transportedmainly following theGrotthussmechanismat higher
membrane water contains [6,21,49].

On the other hand, it is known that OH– movement can be impeded
by a closed structure of the polymer, as well as a strong interaction be-
tweenOH– and the polymer chains. It has been reported that OH– trans-
port inside the membrane clearly depends on the amount of water and
KOH concentration included in the membrane and the pore sizes
formed in the polymer structure [19–21]. It is reasonable to think that



Scheme 2. OH– transport following a Grotthuss Mechanism in a PVA-KOH 30 membrane. The arrow shows the OH– transport direction. During the OH– transport, a H-bond (pink) is
broken and a new H-bond (orange) is formed.
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greater pores will make easier the ionic movement, as it has been con-
firmed before. Besides, water amount influences the conductivity pro-
cess in several ways: 1) A higher water uptake will increase the pore
spaces between polymer chains and will decrease the strength of inter-
action of OH– with the polymer chains. 2) Enough quantity of water in-
side the polymeric matrix is necessary to form anH-bonds network and
to build up hydroxyl anionswith stable solvation shells. 3) Finally,water
molecules coming in the polymer matrix provide the decreasing of the
crystalline phase to the benefit of the amorphous regions, enhancing
the conductivity values of PVA-based membranes [6,21].

Regarding the PVA-KOH polymers synthesized in thiswork, we have
observed byXRDmeasurements that the inclusion of KOHandwater in-
side the PVAmatrix provides an increase of the polymer amorphous re-
gions, which will help to enhance the ionic conductivity. In addition,
ATR-FTIR and TG measurements reveal interactions between PVA
Scheme3.OH– transport following a GrotthussMechanism in a PVA-KOH30 swollenmembran
is broken and a new H-bond (orange) is formed.
chains and the KOH and H2O included in the polymer. These interac-
tions aremore importantwhen a higher amount of KOH andH2O are in-
corporated proving that immersion of PVA-KOH films in KOH 12 M
solution, where additional KOH and H2O are up-taken, provides the
more important restructuration of the PVA chains.

Taking into account the above comments and our results, we can
propose that the Grotthuss mechanism significantly contributes to or
is the central mechanism for hydroxyl anion transport through PVA-
KOH canals, though diffusion or migration cannot be completely
discarded.

Furthermore, we propose here a tentative mechanism for the OH–
transport inside the PVA-KOH membranes based on the Grotthuss
theory.

Scheme1 represents the PVA structurewithout KOH andH2O. In this
case, a great deal of Hydrogen bonds is formed between nearby PVA
e. The arrow shows theOH– transport direction. During theOH– transport, a H-bond (pink)
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chains, making this structure very packed, which will prevent the ion
movement. Thus, the ionic conductivity value of this polymer will be
very low, as it is well known.

Conversely, the presence of KOH and H2O in the PVA-KOH polymers
breaks a great number of inter-chain H-bonds, though the modification
of 3500 cm−1 reveals that a new H-Bond network is formed, probably
includingOHgroups of the PVA chains, OH– from the KOHandH2Omol-
ecules. This process causes separation of the chains creatingwider chan-
nels and making easier the movement of the OH– anions. It should be
noted that Grotthuss mechanism needs enough amount of H2O mole-
cules to form the solvation shell of the OH– anions [6,21,49]. In this
mechanism, OH– solvated by four H2Omolecules, OH−-(H2O)4, are con-
sidered as inactive OH– anions. They are transformed to active OH−-
(H2O)3 solvation state, breaking an H-bond in the first solvation shell.
In this state, the OH hydrogen forms an H-bond with another H2O mol-
ecule, providing that the initial OH– anion is now changed to an H2O
molecule tetrahedrally solvated, this is, a water molecule with an ideal
bulk solvation pattern [6,21].

Schemes 2 and 3 show the Grotthuss mechanism occurring inside
the PVA-KOH and PVA-KOH soaked in KOH 12 M, respectively. Both
schemes show a similar OH– transport through the PVA canals. How-
ever, in Scheme 2 the separation between PVA chains and the amount
of KOH and H2O inside the polymeric matrix will be lower than the
one observed in Scheme 3. Thus, in non-soaked membranes, Scheme
2, a minor space inter PVA chains will cause that OH– movement will
be difficult and, probably the most of OH– anions will create the solva-
tion shell forming H-bonds with OH groups of the PVA chains and H2O
molecules. This fact will influence the OH– transport inside the mem-
brane, reducing the OH– transport number and the ionic conductivity
value with respect to soaked PVA-KOH membranes.

However, PVA-KOH membranes soaked in KOH 12 M solution,
where a great deal of KOH and H2Omoleculeswere up-taken, will pres-
ent a structurewith a higher inter-chain space (Scheme3). In this case, a
higher number of OH– anionswill be able to develop complete solvation
shells onlywithH2Omoleculeswithout forming someH-bondwith PVA
OH groups. This situation will allow a faster transport of the OH– anions
through the polymeric canals. Furthermore, in this situation, higher
ionic conductivity and anionic transport number values will be ob-
tained, as it has been demonstrated by our results.
4. Conclusions

Different pure PVA and PVA-KOH membranes have been obtained
by a solution cast method and they have been analyzed by several ex-
perimental techniques and applied as a polymer electrolyte in Zn/
PVA-KOH/Air batteries. XRD, ATR-FTIR and TGA techniques have con-
firmed the restructuration of the PVA chains when KOH aqueous solu-
tion was included in the membrane. Besides, when these membranes
are swollen in 12 M KOH aqueous solution a higher quantity of KOH
and H2O molecules are incorporated into the membrane, enhancing
the polymer structure changes.

Soaking the KOH-PVA membranes in 12 M KOH aqueous solution
improves the ionic transport properties: ionic conductivity of 0.34
Scm−1 and energy activation of 0.16 eV at room temperature were ob-
tained. Besides, an increment of peak intensities of the voltammograms
and larger capacity values in Zn/PVA-KOH/Air batteries resulted.

The improvement of this ionic transport behavior has been ex-
plained in the basis of the increase of the PVA inter-chains canals, a
higher degree of amorphosity in the host polymer and the formation of
a H-bond network, all of that motivated by the rise of KOH and H2O in-
side the membranes. Finally, transport number of OH– anions and the
confinement of Zn2+ close to Zn electrode surface make necessary the
OH– anions transport through the membrane as the only ionic species
causing conductivity, which may be explained by a Grotthuss
mechanism.
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