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H I G H L I G H T S  

• Functionalized carbon nanotubes and graphene oxide doped PVA-KOH-H2O gel were produced as electrolytes for battery system. 
• The fCNT doped gel electrolyte showed improved ionic conductivity, mechanical strength, and electrochemical stability. 
• Zn–Ag2O battery were fabricated using the gel electrolytes in 3D-printed casings which showed good electrochemical stability.  
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A B S T R A C T   

We report the functionalized carbon nanotubes (fCNTs) and graphene oxide (GO) doped polyvinyl alcohol (PVA) 
based gel electrolytes (GEs). The multiwalled carbon nanotubes (CNTs) were treated via microwave irradiation 
to alter the degree of carboxylation. The fCNT doped gel electrolyte (fCNTGE) showed significantly improved 
ionic conductivity, mechanical strength as well as electrochemical stability when compared to the pure GE and 
graphene oxide doped gel electrolyte (GOGE). The homogeneous distribution of ionic channels provided by 
fCNTs served as redox shuttle and facilitated the ion migration in the gel. The fCNTGE exhibited the best per
formance when the oxygen content was 12.8% by weight. The ionic conductivity was significantly improved by 
introducing fCNTs into the PVA gel and reached 6.9 × 10−2 S cm−1, revealing that the diffusion and transport of 
ions into electrolyte were much better than the GE and GOGE. A significant enhancement in the gel mechanical 
properties was observed as the Young’s module (E = 2.3) and tensile strength (22.3 kPa) of fCNTGE was higher 
than that of GE and GOGE. Furthermore, the composite Zn–Ag2O batteries were made and tested using the 
fCNTGE, GE, and GOGE in the 3D-printed battery casings. The fCNTGE based batteries demonstrated good 
electrochemical stability with specific capacity reaching 204.3 mAh g−1 (C/20).   

1. Introduction 

Liquid electrolytes (LEs) show excellent electrochemical perfor
mance but suffer from limitations such as low operating temperature 
range [1] and the encapsulation of a liquid [2] is difficult which restricts 
the shape and size of electrochemical devices [3]. On the other hand, 
solid electrolytes (SEs) are stable at higher temperatures but they are 
limited by their conformality [4] and have relatively lower conductivity 
[5]. Gel electrolytes (GEs) are hybrid electrolyte materials, combining 
benefits of both liquid and solid systems [6]. Compared with LEs and 

SEs, GEs open up new design opportunities and don’t require rigorous 
encapsulation methods [7]. Also, they can provide high reliability with 
minimum electrolyte leakage and evaporation which can be used in 
conformal, flexible batteries [8] and as physical barriers separator-free 
devices [9]. 

The development of novel gel polymer electrolytes with good 
interface stability and better manufacturability is important for the 
development of the next generation electrochemical devices [10]. 
Several polymers including poly(acrylonitrile) (PAN) [11,12], poly 
(vinyl alcohol) (PVA) [13–16], poly(ethylene oxide) (PEO) [7,17], poly 
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(methyl methacrylate) (PMMA) [18,19], and copolymer poly(vinylidene 
fluoride-hexafluoropropylene) (P(VDF-HFP)) [10,20] have been used to 
make GE for solar cells [21–24], membranes [25,26], and super
capacitors [9,14,27,28]. In batteries, GEs have been used as the ionic 
conductors as well as separator for lithium-ion [7,29,30], aluminum-air 
[31], magnesium-ion [10], sodium-sulfur [32] and zinc-air battery 
systems [33,34]. 

GEs can be limited by their ionic conductivity [30,35] and poor 
mechanical properties [30,36]. In an effort to improve the mechanical 
and electrical properties of GE, nanosized inorganic fillers have been 
used which have altered crystallinity [37] and stabilized the conductive 
amorphous phase [38]. Moreover, its electrochemical properties 
strongly affected the battery performance in terms of rate capability and 
cyclability [18]. 

PVA is a semi-crystalline hydrophilic polymer with high capacity for 
holding water and salts. Fillers such as GO [26,39,40], chitosan [41], 
silica [42], CNTs [43] have been added to PVA to generate gel composite 
electrolytes. The fillers which have abundant oxygen functional groups 
[28] are readily dispersible in water [44], and can interact with polar 
functional groups within polymers [45]. PVA simultaneously interact 
with these fillers via both -inter and -intra chain hydrogen bonds which 
make it a unique polymer [46]. For instance, GO fillers [47] in PVA 
provides good interfacial interaction and dispersion due to the interac
tion of OH bonding [48]. 

CNTs are highly flexible which might improve the interaction and 
cross-linking with polymer molecules that further enhance morpholog
ical features and ionic conductivity of composite electrolytes. It has been 
used for energy storage devices because of its high specific surface area, 
mechanical elasticity of the tubular network and superior electrical 
conductivity [49]. Furthermore, functionalized CNTs (or fCNTs) lead to 
improvements in hydrophilicity, specific charge transport and reduce in 
agglomeration. Using fCNTs with high surface area and 
oxygen-containing functional groups should be a wise strategy as an 
additional material to improve performance of GE and the incorporation 
of fCNT into gel as GEs for batteries has not been reported so far. The 
functionalized carbon nanotubes (fCNTs) may also generate gel struc
ture with improved mechanical properties [50]. 

Zinc based batteries have several advantages and are extensively 
used in consumer and industrial applications [51]. There are a few re
ports on the use of polymer and gel electrolytes in zinc-based batteries. 
Zinc-air cell with alkaline PEO-PVA-glass fiber polymer electrolyte [17], 
poly (vinlylidenefluoride)-zinc triflate gel polymer electrolyte based 
solid state zinc battery [34], and an alkaline gel polymer electrolyte 
prepared by polymerization of acrylate-potassium hydroxide (KOH)-
water (H2O) [52] have been reported. 

The objective of this research is to use fCNTs and GOs as components 
in gel electrolytes to improve their ionic conductivity, electrochemical 
diffusion, mechanical strength and electrochemical stability, and study 
the effectiveness of the GEs for Zn–Ag2O battery system. 

2. Experimental description 

2.1. Preparation of polymer gel electrolytes (GE), fCNT and graphene 
oxide (GO) doped polymer gel electrolytes 

Raw multiwalled CNTs were treated for 5, 10, 30, 60, and 120 min 
respectively under microwave radiation to produce fCNTs. Experimental 
details can be found in supplementary information. The GEs (PVA-KOH 
polymer gel electrolytes) were prepared by dissolving the appropriate 
weight of PVA in water. The KOH solution was added to PVA solution 
drop wisely and continuously stirred (at 80 ◦C for 2 h) till a homogenous 
viscous liquid. Concentration of PVA and KOH solutions for the poly
merization reaction were adjusted and it was found that an appropriate 
composition of the PVA-KOH-H2O solution could be prepared with 80% 
H2O, 6% PVA, and 14% KOH by weight. The gelation of PVA-KOH-H2O 
was allowed to proceed at room temperature for another 2 h. The 

fCNTGE was prepared with 0.018% fCNTs, 80.52% H2O, 6% PVA, and 
13.45% KOH. A similar formulation was used for GOGE preparation. 

2.2. Preparation of electrodes 

The battery anode paste was prepared by mixing 4% PEO, 94% zinc, 
2% Bismuth (III) oxide in DI water; and the cathode paste was prepared 
by mixing 82% silver oxide, 8% carbon and 10% PEO in DI water. Silver 
paste on polyethylene terephthalate (PET) substrates was used as cur
rent collector. Battery electrode inks were pasted onto current collectors 
and dried. The effective working area for each battery electrode was 
approximately 3.98 cm2. The typical mass of a cathode was 0.05 g, and 
mass for anode was 0.1 g (in excess). For cyclic voltammetry (CV), the 
electrode paste was coated on a 0.5 × 0.5 cm2 nickel foam substrate and 
dried at the vacuum conditions for 25 min. The typical weight of dry 
materials for such an electrode was 3 mg. 

A scanning electron microscope (SEM) was used to study the 
morphology of the electrodes and the gel electrolytes. The ionic con
ductivity (σ) of the samples were measured using an electrochemical 
impedance spectroscopy (EIS). The electrochemical testing was per
formed through cyclic voltammetry (CV). Galvanostatic discharge 
measurements were carried out using an MTI Battery Analyzer. Thermo- 
gravimetric analysis (TGA), differential scanning calorimetry (DSC), 
Fourier transform infrared (FTIR) and X-ray diffraction (XRD) mea
surement were also carried out to study the GEs. The rheological be
haviors and mechanical properties of samples were evaluated with a 
rotational viscometer. Details of material characterization are available 
in Supplementary Information. 

3. Results and discussion 

3.1. Structural characterization of GE, fCNTGE, and GOGE 

The functionalization via microwave treatment of CNTs in acids 
introduced oxygen-containing groups especially hydrophilic carboxylic 
groups (-COOH) [53,54] leading to high aqueous dispensability of the 
products. The water content of the gel electrolyte is an important 
parameter to maintain the hydration of ions for better ionic transport. 
Various functionalization time was used to determine the optimum ionic 
conductivity of the polymer gel. The elemental analysis was carried out 
by EDX and shown in Table 1. As the treatment time was increased, there 
was a noticeable increase in oxygen to carbon ratio, although the in
crease was less significant after 30 min. Impedance spectroscopy mea
surements were used to evaluate the effect of the altered degree of 
functionalization on ionic conductivity (σ) of the gel electrolytes 
(Table 1). 

The picture of GE, fCNTGE, and GOGE are shown in Fig. 1a–c. No 
free-flow of liquid was observed after the gelling process. SEM images 
was are presented in Fig. 1d–h. The surface morphology of GE in Fig. 1d 
Showed rough structure with a 3-D network which allowed KOH to be 
entrapped in the PVA matrix. fCNTs were observed to be embedded in 
the electrolyte in Fig. 1e. While tube damage increased with treatment 
time, the circle in inset of Fig. 1e Corresponded to tubular structure of 

Table 1 
Ionic conductivity of gel electrolytes with different degree of carboxylation 
CNTs.  

Gel 
Electrolyte 
Samples 

CNT 
treatment 
time (min) 

Carbon 
content in 
fCNTs % 
by weigh 

Oxygen 
content in 
fCNTs % 
by weigh 

Carbon to 
Oxygen 
Ratio 

σ 
(10−2 

S 
cm−1) 

fCNTGE-5 5 92.2 7.3 16.9 5.3 
fCNTGE-10 10 89.4 9.6 12.5 5.5 
fCNTGE-30 30 87.9 12.1 9.8 6.2 
fCNTGE-60 60 86.8 12.8 9.1 6.9 
fCNTGE-120 120 85.8 13.3 8.6 6.8  
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fCNTs remained interact. The electrodes and gels were dried during SEM 
sample preparation. We believe that the pores and holes observed in 
dried gels were formed during the removal of water. In the original gels, 
these pores and holes held water contents and allowed ion movement. 

As shown in Fig. 2, the ionic conductivity was increased by 
increasing the oxygen content of fCNTs in gel electrolytes gradually. 
Overall, an optimized high ionic conductivity of about 6.9 × 10−2 S 

cm−1 was achieved when 60-min treated fCNTs were used to prepare 
fCNTGE (Table 1). Therefore, 12.8% oxygen was chosen as an optimal 
oxygen content level for fCNT-PVA-KOH gel electrolyte (fCNTGE) and 
was used for further evaluations. 

The increase in ionic conductivity was attributed to the fCNTs 
serving as dielectric materials [55] or a redox shuttle. The probably 
redox process of oxygen containing groups on fCNT can be represented 
with Scheme 1 [56]. 

It was observed that higher treatment time generated to smaller 
particle sizes and less agglomeration in water [57,58]. This led to the 
–COOH groups to enhance dissociation of KOH and facilitated ion 

Fig. 1. The picture of a) GE, b) fCNTGE, c) GOGE; SEM images of d) GE, e) fCNTGE, f) GOGE; g) cathode material; h) anode material. Scale bars: (d), (f), (j)&(k) 1 
μm; (e), (i) 100 nm; (g)&(h) 200 nm. 

Fig. 2. Ionic Conductivity of fCNTGE samples with fCNTs containing different 
oxygen contents. 

Scheme 1. The interaction carboxylic groups with electrolyte.  
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transport in the fCNT-doped gel electrolyte. When the oxygen level was 
low, fCNTs could not accomplish well as redox shuttle, and the con
ductivity of the gel electrolyte reduced [58]. The fCNT bundles covered 
with hydroxyl groups (OH−) of PVA could absorb both KOH and H2O 
molecules. Accordingly, the OH− ions can be transferred readily in the 
fCNTGE, which might contribute to the increase in ionic conductivity 
[59]. Moreover, hydrophilic properties of fCNTs [50] helped to conduct 
OH− through the its microchannel, which could also contribute to in
crease ionic conductivity. 

FTIR spectra were used to determine the interactions within PVA, 
GE, GOGE and fCNTGE and results were displayed in Fig. S1. The X-ray 
diffraction (XRD) characterization studies have been carried out to 
determine the crystallinity and phase structure of the PVA only, GE, 
GOGE and fCNTGE polymer electrolytes (Fig. S2). Amorphous charac
terization of gel electrolyte should be improved to provide more ionic 
conductivity and ion transport [15]. According to XRD results, all 
crystalline peaks and amorphous peak were expanded, and their in
tensities decrease sharply after the PVA was treated with KOH solution, 
GO and fCNT. The GE, GOGE and fCNTGE samples displayed similar 
crystalline diffraction patterns but the intensity of fCNTGE peak was 
lower than GE and GOGE implying that amorphous nature of fCNTGE 
increased compared with GE, GOGE, and PVA only. 

The thermal stability and melting temperature (Tm) are important 
parameters to assess in-situ performance of the samples in the battery 
especially while the operating temperature is increased. The thermal 
behavior and stability of samples were investigated using thermogra
vimetric analysis (TGA) in Fig.S3 and differential scanning calorimetry 
(DSC) in Fig.S4. According to Fig.S3, when fCNTs were added to the 
PVA-KOH gel electrolyte, the decomposition temperature and thermal 
stability of nanocomposite electrolytes increased from 150 ◦C to 206 ◦C 
and from 150 ◦C to 189 ◦C with adding GO (Table 2), which was high 
enough for potential applications such as electrolyte in energy storage 
devices. 

DSC was performed to measure the melting enthalpy (ΔHm) of GE, 
fCNTGE, and GOGE. The results are given at Table 2. (melt curves shown 
in supporting information Fig. S4). The intensity of melting peak 

broadened and decreased, which was associated with decreasing the 
degree of crystallinity (Xc) in host polymer. The evidence of increasing 
amorphousness and decreasing crystallinity of fCNTGE and GOGE was 
also confirmed by XRD analysis. Based on these results, the proposed 
schematic gel mechanism representation was shown in Scheme 2. 
Suitable amount of fCNTs was uniformly disperse in PVA matrix and the 
PVA grafted fCNTs chains were oriented, resulting in strengthening their 
interfacial bonding. Segmental motions of the PVA grafted fCNTs might 
cause the increase of conductivity [60]. When the fCNTs were added 
into the gel, due to the abundant oxygen containing functional groups, 
the fCNTs interacted with the copolymer to form amorphous phase and 
decreased the degree of crystalline in fCNTGE. 

3.2. Mechanical properties of GE, fCNTGE, and GOGE 

GE, GOGE, and fCNTGE were used as electrolyte and also separator 
between electrodes in the battery fabrication process. Mechanical 
properties of polymer electrolytes based on rheological techniques play 
important roles to understand the relationship between internal struc
tural changes and constitutional variations by an input stress. 

Typical stress-strain curves of GE, GOGE and fCNTGE samples are 
shown in Fig. 3. For mechanical tests, the samples were cast on a rect
angular mold having dimensions for 5 × 5 × 2.5 mm3 and then 
measured 4 times, with the average values calculated and reported here. 
fCNTGE exhibited higher mechanical properties such as Young’s 
modulus calculated from the slopes of curves in the early stage of linear 
portion and ultimate tensile strength compared to GE and GOGE. The 
Young’s module and tensile strength was 2.3 and 22.3 kPa for fCNTGE, 
0.9 and 9.3 kPa for GE, and 0.22 kPa and 5.8 kPa for GOGE, respectively 
are shown in Table 2. The fCNTs had strong interaction with the PVA 
matrix and showed dramatic improvements over the pure PVA gel as 
well as GOGE. 

Table 2 
Calculated Thermal &Mechanical Properties, Ionic Conductivity, Transference 
Numbers, and Specific Capacity& Energy of GE, fCNTGE and GOGE.   

GE fCNTGE GOGE 

Td (oC) 150 202 189 
ΔHm (J/g) 271 167 270 
Young’s Module (kPa) 0.9 2.3 0.2 
Tensile Strength (kPa) 9.3 22.3 5.8 
σ (10−2 S cm−1) 5.1 6.9 6.2 
Ionic Transference Number 0.55 0.90 0.87 
Electronic Transference Number 0.45 0.10 0.13 
Electrochemical Stability window (V) 3.04 3.6 3.02 
Specific Capacity (C/20, mAh g−1) 205.4 204.3 108.3 
Specific Energy (mWh g−1) 235.2 234.9 212.8  

Scheme 2. Proposed gelation mechanism of fCNT-PVA-KOH mixtures.  

Fig. 3. Stress-Strain curves of GE, GOGE, and fCNTGE samples.  
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The viscoelastic mechanical properties of fCNTGE were further 
tested as a function of shear strain at constant frequency (1 Hz) and 
shown Fig. 4. GOGE was not tested further because it showed lower 
mechanical strength. It was observed that the dynamic mechanical 
properties of storage modulus (G′) and loss modulus (G′′) decreased with 
increase in shear strain indicating typical gel-like behavior [61]. G′

dominated over the G′′, explained that the elastic properties dominated 
over the viscous properties till the crossover point. The G” dominated 
the G’ at high shear strain value by the fact that 3-D network of gel might 
be broken and consequently the viscous modulus was greater than the 
elastic modulus. In the GE, crossovers occurred at strain amplitudes of 
0.5% while the crossover of fCNTGE appeared at 1.5%, which was about 
three times greater than GE. 

3.3. Electrical properties of the GE, fCNTGE, and GOGE 

Electrochemical impedance spectroscopy (EIS) tests using two- 
electrode configuration was carried out at open circuit potential with 
AC potential amplitude of 5 mV, and the frequency ranged from 100 Hz 
to 1 MHz to evaluate the efficient ion migration channel of GE, GOGE as 
well as fCNTGE. It was observed that the ionic conductivity of the PVA- 
KOH system was 5.1 × 10−2 S cm−1 (no fCNT content), lower than that 
of PVA-KOH-fCNTs (fCNTGE) system. When 17.5 mg of GO or fCNTs 
were introduced, the ionic conductivity values of the gel electrolytes 
increased to 6.2 × 10−2 S cm−1 for GOGE and 6.9 × 10−2 S cm−1 for 
fCNTGE, according to Eq. (1) [62]. The ionic conductivity of the gel 

electrolytes (σ, S cm−1) was evaluated by the Nyquist plot representing 
the imaginary and the real part of the impedance and calculated by the 
equation 

σ =
L

Rb*A
(1)  

Where L (cm) is the distance between the two-platinum inner electrode, 
Rb (ohms) is the bulk resistance calculated from the point of intersecting 
with the x-axis, A (cm2) is the contact area of the electrolyte with 
platinum during the experiment. 

From Fig. 5, it can be seen that GE, GOGE, and fCNTGE exhibit a 
small inclined line at the middle frequency, which is related to Warburg 

Fig. 4. The Dynamic shear modules of (a) GE and (b) fCNTGE with strain.  

Fig. 5. The Nyquist plots for the GE, GOGE and fCNTGE.  
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or diffusive resistance of ions in the bulk electrode. Conductivity is 
significantly improved by introducing fCNTs into PVA gel, revealing that 
the diffusion and transport of ions into electrolyte were much better 
than GE and GOGE. It was explicit that Rb calculated from the point of 
intersecting with x-axis in the range of high frequency decreased with 
embedding fCNTs into the gel. The increase of conductivity can be 
explained as addition of the fCNTs promote segmental motion of PVA 
grafted fCNTs, which ease ions to migrate in material. 

The cyclic voltammetry (CV) behavior was compared for GE, GOGE 
and fCNTGE at scan rate 50 mV s−1 in Fig. 6a. Silver oxide electrode was 
used as a working electrode, platinum as a counter electrode, and Ag/ 
AgCl as a reference electrode. The voltammogram showed well-defined 
anodic peaks at 0.33 V for GE and at 0.37 V for fCNTGE from the 
oxidation of silver (I) at 50 mV s−1. The cathodic peaks at 0.19 V for GE, 
0.23 V for fCNTGE, and 0.25 V for GOGE were attributed to the 
reduction of silver (I). 

The addition of fCNTs led to increase in the size of oxidation and 
reduction peaks, suggesting a better utilization of electrodes. Fig. 6 b-d. 
Shows the CV curves for GE, GOGE and fCNTGE at different scan rates 
from 10 to 100 mV s−1. The electrode current density increased with 
scan rate and the shape of CV did not change considerably exhibited 
acceptable electrochemical reversibility [63]. 

3.4. Transference number and electrochemical stability window 
measurements 

Transference number is an important parameter described as the 
ratio of the ionic conduction to the total charge transport. Here, we 
measured the transference number of gel electrolytes by chro
noamperometry and calculated the residual electronic current passing 
through the electrolyte using Wagner’s polarization technique [64,65]. 
The stainless steel/gel electrolyte/stainless steel cells were polarized 
fully with a fixed DC potential of 1.5 V and the current flow passing 
through the cells was monitored as a function of time. The polarization 
current versus time plotted for of GE, fCNTGE, and GOGE was shown in 
Fig. 7a. The following formulas was adopted to calculate transference 
number (t) [64,65]: 

tion =
IT − Ie

IT  

te =
Ie

IT   

IT = Ii + Ie                                                                                           

Where tion is ionic transference, te is electronic transference number. 
Initial total current (IT) can be defined as the sum of ionic (Ii) and 

Fig. 6. CV curves of a) GE and fCNTGE, at 0.05 mV s−1 scan rate; b) GE, c) fCNTGE, d) GOGE with different scan rates.  

Fig. 7. a) DC polarization curve; b) Linear sweep voltammograms at scan rate 0.05 mV s−1 for GE, fCNTGE, and GOGE.  
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electronic (Ie) currents. Electronic current after polarization were 
measured as a final current. 

The ionic transference number of GE, GOGE and fCNTGE was 
calculated as 0.55, 0.87 and 0.90, respectively. Both ionic and electronic 
transference numbers are shown in Table 2. The decrease in current with 
time in Fig. 7a suggested that the total conductivity and charge transport 
in the electrolyte systems were predominantly due to ions, accompanied 
by mass transport [66] and electronic contribution could be neglected. 
tion gradually increased (up to 0.90) upon addition of fCNT nano
particles. Consequently, this proved that KOH salt has provided OH−

ions as mobile species more in fCNTGE than GOGE and GE. 
One of the main drawbacks for aqueous electrolytes is the narrow 

electrochemical windows due to the electrolysis of water [67]. In order 
to determine the electrochemical stability window, linear sweep vol
tammetry (LSV) technique was conducted by a sweep voltammetry on 
the stainless steel/gel electrolyte/stainless steel cell configurations [34, 
68]. LSV was performed between 0 V and 3 V at a scan rate of 0.05 mV 
s−1 presented in Fig. 7b. 

As can be seen, the current flow was stable within the voltage range 
of approximately −1.72 to +1.9 for fCNTGE and −1.14 to +1.9 for 
GOGE and GE and they begin to rise with continuous increase in voltage. 
Redox peaks for fCNTGE appeared at 1.3 V and it was relatively wide 
and weak. The onset of current flow which refers to anodic decompo
sition voltage [66,69] commences at about 1.9 V which refers to OH−

anions. The cathodic voltage was observed for fCNTGE at −1.72 V, for 
GE at −1.14 V, and for GOGE at −0.9 V. Thus, there is an improvement 
in the voltage stability window in fCNT-containing gel electrolyte which 
is ~3.6 V. The electrochemical stability window for GE was found 
~3.04 V, and ~3.02V for GOGE, shown in Table 2. 

3.5. Galvanostatic discharge (GCD) analysis of GE, fCNTGE, and GOGE 

Crescent shape prototype batteries were fabricated using 3D-printed 

acrylonitrile butadiene styrene (ABS) casings. In a typical cell, the silver 
oxide cathode, which was the limiting reagent, was firstly inserted in the 
casing. Then, the gellable electrolyte was poured onto the electrodes to 
fulfilling gelation reaction. In this way, the electrolyte could penetrate 
into the vacancies of the electrode materials and exclude bubbles on the 
surfaces. Thus, the electrode-electrolyte interface can significantly 
improve. After that, zinc anode was added, and the components were 
capped to make it a cell (Fig. 8d.). 

The SEM images and the picture of electrodes are shown in Fig. 1j 
and k And Fig. 8c., respectively. The performance of zinc-silver oxide 
batteries with GE, GOGE and fCNTGE in 3D printed system discharged at 
C/20 and C/10 was shown in Fig. 8a and b. The specific capacity (C/20, 
calculated based on Ag2O) and specific energy was displayed in Table 2. 
For the fCNTGE the curves showed more stable voltages than GOGE and 
GE. The voltage plateau region for fCNTGE was to be higher than GE and 
GOGE. Furthermore, the voltage plateau region for GOGE and GE turned 
out to be less unstable and fluctuated especially for the case of GOGE. 
One possible reason might be that GO got reduced by zinc, causing ag
gregation of graphene and short circuit. 

4. Conclusion 

A novel fCNTs gel electrolyte (fCNTGE) with PVA as the polymer 
matrix was prepared and tested inside Zn–Ag2O batteries. The formu
lation was optimized with fCNTs having different degrees of function
alization. The results showed improved ionic conductivity of PVA-KOH 
gel by doping fCNTs into the gel because of ionic channels provided by 
the fCNTs. The ionic conductivity of the GE (no fCNT content) system 
was 5.1 × 10−2 S cm−1. After the addition of GO (17.5 mg) or fCNTs, the 
ionic conductivity increased to 6.2 × 10−2 S cm−1 (GOGE) and 6.9 ×
10−2 S cm−1 (fCNTGE). A significant enhancement in the mechanical 
properties was also observed as the tensile strength increased to 22.3 
kPa for fCNTGE, which was 2.5-fold enhancement as compared to the 

Fig. 8. Discharge curves under different rates a) C/20, b) C/10; c) Zinc anode (grey) and silver cathode (black), d) 3D-printed Ag–Zn batteries.  
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GE and 3.5-fold enhancement compared to the GOGE. The decomposi
tion temperature of fCNTGE was 202 ◦C, which is higher than the GE and 
GOGE. The electrochemical performance of the electrolytes was evalu
ated by the batteries using Zn–Ag2O electrode material and GEs as the 
electrolyte and separator. Experimental results from the battery con
taining fCNTGE demonstrated more stable voltages, desired plateau 
region and promising application ability in the Zn–Ag2O batteries. The 
CV results showed that the addition of fCNTs increased the oxidation 
and reduction peaks suggesting a better utilization of electrodes. 

Supplementary information (SI) available: Experimental detail, 
FTIR, XRD images, TGA and DSC curves for the samples. 
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