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Abstract
Poly (ethylene oxide) (PEO)/polyvinylpyrrolidone (PVP) blended nanocomposite polymers, incorporating graphene oxide (GO)
nano-sheets and embedded with NaIO4 salt, were prepared using solution casting technique. The as-prepared nanocomposite
electrolyte membranes were characterized by SEM, TEM, XRD, and Raman vibrational spectroscopic techniques to confirm the
dispersion of GO nano-sheets and to understand the synergistic properties of GO/polymer interactions as a function of GO nano-
sheets concentration. GO fillers incorporated electrolyte membranes demonstrated distinctive surface morphology composed of
circular-shaped protuberances of different dimensions. The decrease of Raman intensity ratio (ID/IG) and in-plane crystallite size
(La) values of the nanocomposites suggested the good dispersion and confinement of the GO nano-sheets. The optical properties
of blend electrolyte films were studied as a function of GO filler concentration using optical absorption and diffuse reflectance
spectra. In reference to PEO/PVP/NaIO4, the resultant PEO/PVP/NaIO4/GO (0.4% in weight) electrolyte membrane demon-
strated both an increase in tensile strength of ca. 42% and in Young’s modulus of ca. 40%, improvements coupled with a
maximum fractured elongation of 3%. Through impedance spectroscopy analysis, the role of the GO nano-sheets onto the room
temperature conductivity properties of the prepared electrolyte membranes has been probed.
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Introduction

The substantial global energy demand for advanced electri-
cal energy storage devices continues to stimulate re-
searchers for the development of advanced energy storage
systems. Rechargeable alkali metal-ion batteries (Li+, Na+,
Mg2+, … etc.) are recognized as promising energy sources
to power the portable consumer electronic devices (mobile
phones, notebooks, personal computers, and digital cam-
eras), electric or hybrid electric vehicles, and solar energy
storage devices [1, 2]. In this context, the development of
novel electrolyte systems, which are ionically conductive
and constitute the core of efficient batteries, is crucial to
fulfill the present technological requirements of the
medium- and large-scale batteries. Among liquid and gel
electrolytes, solid polymer electrolytes (SPEs) have
attracted ever-increasing interest owing to their several ad-
vantages, such as lower cost, improved safety features,
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solvent-free material, excellent flexibility, and easy process
[3, 4]. Polyethylene oxide (PEO) is one of the promising and
ion-conductive semi-crystalline polymer. PEO is character-
ized by a high dielectric constant, flexible ethylene oxide
segments, enabling PEO to solvate different inorganic salts
at high concentration levels [5]. However, pure PEO-based
SPEs demonstrate poor ionic conductivities at room temper-
ature, which prevent their use as key components in the
fabrication of secondary ion batteries, electrochromic de-
vices, solar cells, and sensors [6, 7]. Several approaches
have been attempted to enhance the room temperature ionic
conductivity of PEO-based SPEs through addition of ionic
liquids, cross-linking, inclusion of low molecular weight
plasticizers, incorporation of nanostructured materials, and
blending with plastic crystal materials [8–10]. However,
blending polymers seems to be one of the versatile ap-
proaches to fabricate PEO-based SPEs with desirable char-
acteristics. Indeed, this method can allow using high molec-
ular weight crystalline polymers in conjunction with high
molecular weight amorphous polymers to confer to the
resulting blend with higher solubility in organic solvents
as well as higher affinity with inorganic salts. For this pur-
pose, polyvinylpyrrolidone (PVP) is one of the more prom-
ising conjugated amorphous polymer since its amorphous
matrix can support faster ionic mobility compared to other
semi-crystalline polymers. Indeed, the presence of carbonyl
groups (-C=O) within the PVP side chains enable to coor-
dinate cations of a wide variety of inorganic salts providing
free mobile ions into the electrolytic system [11]. From a
practical application point of view, polymer electrolytes
must fulfill the following requirements: (i) a high ionic con-
ductivity, (ii) an appreciable mechanical strength, (iii) a
good thermal stability, and (iv) a wide electrochemical sta-
bility window [12, 13]. Fabrication of SPEs displaying all
the above-mentioned features is not an easy task, but using
nanocomposite polymer electrolytes could represent the
best option to reach such a goal and develop novel efficient
electrolyte systems. Furthermore, polymer composites rein-
forced with inorganic fillers of nanometer range dimensions
have recently attracted great interest due to the unexpected
synergistic properties resulting from the combination of the
two components [14]. In particular, the incorporation of
nano-size fillers (zinc oxide, alumina, titania) into PEO ma-
trix has drawn significant attention for the improvement of
the electrical performance without sacrificing the mechani-
cal strength of the material [15, 16]. In this perspective,
carbon-based nano-additives-doped PEO electrolytes can
be considered as a new class of materials with multifunc-
tional properties [17]. It is worth to mention that, in com-
parison to inorganic nano-dimensional fillers, carbon-based
nano-fillers have an exceptional combination of thermal,
mechanical, and electrical properties that make them unique
candidates to choose to fabricate versatile nanocomposites

SPEs [18]. Graphene oxide (GO) is a hydrophilic layered
material, an oxidized graphene derivative, containing
oxygen-bearing functional groups on its edges and basal
planes. Interestingly, GO additives can readily be dispersed
without precipitation and swelled in water or polar solvents,
allowing when dispersed into a polymer to form a high
number of EO/GO interfaces through intercalation of the
polymer chains into the gallery of GO [19, 20]. Polymer/
GO nanocomposites are characterized by improved electri-
cal, thermal, and mechanical properties compared to either
the matrix or to the conventional composites. They are com-
monly referred as particulate micro-composites, because of
their unique phase morphology deriving from layer interca-
lation and/or exfoliation that maximizes interfacial contact
between the organic and inorganic phases that in turn en-
hances the bulk properties [21]. Several studies have been
reported on the influence of GO additives onto the structur-
al, thermal, and electrical properties of lithium salt com-
plexes of pure PEO-based SPEs [22, 23]. Understanding
the compatibility and specific mechanisms responsible for
the formation of profound GO/polymer interfaces when GO
nano-additives are used in blended SPEs would open a new
window to study the electrochemical, thermal, optical, di-
mensional, and mechanical stability properties of PEO
blend-based nanocomposite SPEs.

To date, most of the research work that reported on lithium
salt complexes of PEO-based SPEs is dedicated to lithium-ion
rechargeable battery (LIB) applications, owing to their high
energy density and long life cycle values compared to all other
battery chemistries [24]. However, high cost, decrease of
abundance, environmental impact, and safety limitations are
impeding LIBs widespread implementation in large-scale bat-
teries for future generation technologies [25]. Such impedi-
ment shows the necessity to search for alternative energy stor-
age system technology capable of complementing the LIB
technology. Among the accessible battery chemistries,
sodium-based rechargeable batteries (SIBs) have recently cap-
tured much attention for their environmentally friendly and
non-toxic features and low cost due to the natural abundance
[26]. In this light, the present report is dedicated to study GO
nano-sheets incorporated and NaIO4 salt complexed (PEO/
PVP) nanocomposite blend electrolyte membranes using var-
ious characterization techniques. For this purpose, a combina-
tion of transmission electron microscopy (TEM), scanning
electron microscopy (SEM), Micro Raman, UV-Vis-NIR dif-
fuse reflectance (DRS), differential scanning calorimetry
(DSC), thermogravimetric analysis (TGA), tensile strength,
and EIS analysis measurements were performed to understand
the synergistic effect of the constituents onto the physico-
chemical, thermomechanical stability and ionic conductivity
properties of fabricated PEO/PVP/NaIO4/GO nanocomposite
polymer electrolyte membranes.
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Experimental section

Materials

Polyethylene oxide (PEO, MW= 5,000,000), polyvinylpyr-
rolidone (PVP, MW = 360, 000), aqueous graphene oxide
(GO) solution (2 mg/ml), sodium metaperiodate (NaIO4) salt
of analytical grade, and methanol (99.8%) were purchased
from Sigma Aldrich and used without any further chemical
purification. In its crystalline state, PEO polymer backbone
contains seven structural units (CH2–CH2–O) and two helical
turns per fiber with an identity period of 1.93 nm (Scheme 1a).
PVP is an amorphous and easily soluble polymer in polar
solvents. The primitive pyrrolidone ring in PVP polymer is
shown in (Scheme 1b). GO nano-sheets are constituted of a
layered graphene structure, GO layers being embedded with
terminal edge carboxyl groups (Scheme 1c).>

Preparation of PEO/PVP/NaIO4/GO electrolyte
membranes

The PEO/PVP/NaIO4/GO nanocomposite electrolyte mem-
branes were prepared by using a solution casting technique
(as illustrated in Scheme 2). Initially, PEO/PVP (70/30 w/w)
blend mixture solution was prepared as described in our pre-
vious work [27] and in the next step, individually prepared
NaIO4 salt solution (10 w/w) and aqueous GO solutions of
varying concentrations (0.2, 0.4, and 0.6 w/w) were simulta-
neously added dropwise to the as-prepared PEO/PVP blend
solutions. The mixture was rapidly stirred continuously for
10 h to insure the homogeneous dispersion of GO nano-
sheets, obtaining in the end a viscous slurry PEO/PVP/
NaIO4/GO electrolyte solution. The resultant nanocomposite
viscous slurry solution was transferred to polypropylene
dishes and allowed to dry at 40 °C for 4 days in enclosed
environment (to minimize the surface skin effect) in order to

harvest uniform free-standing nanocomposite polymer elec-
trolyte membranes of thickness ~ 150 μm.

Characterization

The surface morphologies of GO-loaded polymer electrolyte
membranes were observed by SEM using a JSM 5500 instru-
ment under an acceleration voltage of 15 kV. SEM images
were taken at room temperature by depositing a thin gold layer
over surfaces of the samples using box coater RF sputtering
technique. Measurements by transmission electron microsco-
py (TEM) (HR STEM JEOL JEM 2100, acceleration voltage
80–200 kV, maximum resolution, 0.23 nm) were carried out to
understand the distribution of incorporated GO nano-sheets in
the matrices of electrolyte membranes. To prepare the samples
for TEM measurements, methanol was employed as a solvent
to control the morphology of individual PEO, PVP polymers
on GO nano-sheets, and allow simultaneous observation of
polymers and GO. The resultant solutions were dipped using
a copper grid which was dried under ambient condition for
observation. This approach was specifically effective for poly-
mer matrices incorporated with low concentrations of GO
substances.

X-ray diffraction patterns (XRD) were obtained at room
temperature using a X-ray diffractometer (Bruker, D8
ADVANCE) with Cu Kα radiation (λ = 0.154 nm). The sam-
ples were scanned in the 2θ range of 10°–80° with a constant
step width of 0.02° and at counting time of 35 s/step. Raman
spectroscopic measurements were performed on a HORIBA
Jobin Yvon Labram HR visible spectrometer equipped with a
Peltier-cooled CCD detector. For these measurements, He-Ne
(λ = 663 nm) laser beam was focused on a spot of size about
2 μm over the surface of the samples using microscope optics
and recorded micro-Raman spectra in the wavenumber region
of 200–2000 cm−1. Optical absorption spectra were recorded
at room temperature using a Perkin Elmer Lambda 1050 UV-
Vis spectrophotometer (equipped with an integrating sphere)

Scheme 1 Schematic representations of a crystalline PEO, b PVP molecule, and c graphene oxide (GO) structure
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in the wavelength range of 250–2500 nm. Diffuse optical
reflectance spectra of all blend electrolyte membranes were
recorded at room temperature using a Carry 500 UV-Vis-
NIR double-beam spectrophotometer (equipped with an inte-
grating sphere) in the wavelength range of 300–2500 nm.

The thermal properties of all samples were studied using a
Netzsch DSC 204F1 Phoenix DSC under nitrogen atmo-
sphere. In all thermal scans, weights of electrolyte samples
loaded aluminum pans, empty aluminum pan (as reference),
and lids were recorded. DSC thermograms of all electrolyte
samples were obtained in the temperature range from 60to
300 °C at a scan rate of 10 °C/min. The glass transition tem-
perature (Tg) was determined from the inflection point of the
transitions. Other thermal parameters, such as the melting tem-
perature (Tm) and melting enthalpy (ΔHm), were estimated as
well. Decomposition temperature analyses were conducted
under a nitrogen atmosphere by using a TGA Q50 TA ther-
mogravimetric analyzer with a programmed heating rate of
10 °C min−1 from 30 to 800 °C. The mechanical properties
of pure and nanocomposite electrolyte membranes were de-
termined by tensile strength measurements using an electro-
mechanical universal testing machine (MTS Criterion, model
42) equipped with a 100 N load cell. The fixture used for
fitting the specimen on the machine is the MTS vise action
grips (model 100) with a load capacity of 100 N, which ac-
commodates testing electrolyte membranes with a section up
to 2 mm thick and 10 mm wide. A potentiostat/galvanostat
(SP-200, Biologic) was utilized to record the impedance spec-
tra in the frequency range of 0.1 Hz–1MHz. The electrochem-
ical impedance spectroscopy technique was employed to

estimate the room-temperature ionic conductivity values of
all fabricated SPEs. In this case, the electrolyte membranes
were sandwiched between two circular-shaped aluminum
electrodes (1 cm × 1 cm) and the entire assembly was placed
in closed chamber.

Results and discussion

SEM and TEM studies

SEM and TEM studies were carried out to observe the effect
of the presence of the GO nano-sheets onto the surface mor-
phological features of membranes and check the dispersion
quality of the GO nano-sheets within the matrices of PEO/
PVP/NaIO4 electrolyte membranes (Fig. 1). Comparatively,
nanocomposite PEO/PVP/NaIO4/GO electrolyte membranes
demonstrated a moderately rough surface morphology char-
acterized by circular-shaped protuberances of different dimen-
sions associated to the GO nano-sheets (Fig. 1a–c). The pres-
ence of homogeneously dispersed protuberances could be ev-
idenced for the good dispersion and substantial confinement
of GO nano-sheets within the polymer matrix. This kind of
microstructures reveal the enhancement in density of polymer/
GO interfaces and the effect of articulated confinement of GO
nano-sheets on the segmental motion of PEO chains [28]. The
inclusion and intercalation of exfoliatedGO nano-sheets in the
polymeric matrices of fabricated blend electrolytes were fur-
ther confirmed by TEM measurements (Fig. 1d–f). In the
nanocomposite electrolyte membranes, the GO nano-sheets

Scheme 2 a Preparation of PEO/
PVP blend polymer solution by
mixing individually dissolved
PEO and PVP polymers. b
Preparation of nanocomposite
blend solution by incorporation of
salt ions and GO additives in drop
by drop method. c Solution cast-
ing of nanocomposite solution to
get solid electrolyte membranes
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contribute for the formation of well-interconnected structure
within the matrix of blended electrolytes probably due to the
presence of the GO carboxyl functional groups. Upon increase
of GO concentration, further increase in exfoliation rate and
greater compatibility of GO nano-sheets in the matrices of
PEO/PVP/NaIO4 was noticed. This could lead to the increase
in integrity of PEO/PVP blend polymer chains around the GO
nano-sheets and thus favors for the formation of large number
of ether oxygen (EO)/GO interfaces by abridging the random-
ly inlaid GO nano-sheet in the three-dimensional matrices of
nanocomposites.

X-ray diffraction

Figure 2a shows the powderX-ray diffraction (PXRD) patterns
of pure and GO-incorporated PEO/PVP/NaIO4 electrolyte
membranes. The PXRD pattern of PEO/PVP/NaIO4 blend dis-
plays several small reflection peaks but is essentially governed
by twocharacteristic reflections at angular positions (in termsof
2θ) of 19.24° and 23.35°, which are associated to the (120) and
(112) crystal planes of the PEO monoclinic crystal structure
[29]. The incorporation ofGO fillers showed the effect in terms
of changes in intensity and broadening of the two peaks at

19.24° and 23.35°. These XRD profile modifications could be
related to the observation of a synergistic effect of the various
functional groups present onto the polymer chains of PEO and
PVP and the functionalized carboxylic groups of the GO nano-
sheets reducing either the crystallinity of the polymeric blend
than preventing the inorganic salt to crystallize, probably by
coordination of the Na+ ions by the GO carboxylic moieties.
This double influence contributes to further disrupt the crystal-
line helical conformation of PEO thus decreasing its crystallin-
ity and promoting additional amorphousitywithin thematrix of
nanocompositeSPEs [30].With regard to the PXRDpatternsof
GO-containingblends, all the small signals at diffraction angles
of 12.87, 15.45, 25.78, 27.89, 30.3, and 33.7° (in terms of 2θ),
thatwere alreadypresent in thePXRDpattern of thePEO/PVP/
NaIO4 blend, are now consequently clearly distinguishable.
Using origin software, the PXRD data of all electrolyte films
was fitted by employing Gaussian function and by following
peak deconvolution procedures to determine the variation in
percentage of crystallinity (% χC) related to PEO/PVP/NaIO4

(10 wt%) blend electrolytes as a function of GO concentration
(Fig. 2b). For comparative investigation, we considered PEO/
PVP/NaIO4 (10 wt%) electrolyte as 100% crystalline polymer
blend electrolyte. The relative changes in intensity and/or shift

Fig. 1 Scanning electron
microscopy images for GO nano-
sheets incorporated PEO/PVP/
NaIO4 electrolytes a 0.2 wt%, b
0.4 wt%, and c 0.6 wt%.
Transmission electron microsco-
py pictures at different magnifi-
cations for PEO/PVP/NaIO4/GO
(0.2% in weight) electrolyte (d–f)
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in position of crystalline diffraction peak at 2θ=19.24° suggest
the reduction in crystallinity of PEO as a function of salt con-
centration (Fig. 2b(i)).Noteworthy, XRDpatterns of nanocom-
posites did not display anydiffractionpeaks related toGOwith-
in the range of 2θ = 10°–80°. This could be due to (i) the inter-
calationofPEO/PVPblendpolymerchainsbetweenGOsheets,
resulting in increase of GO nano-sheets, and could be beyond
the detection range of XRD instrument; (ii) uniform dispersion
of exfoliated GO sheets within the matrix of nanocomposites,
and thusnodiffractionpeaks; and/or (iii) couldbedue to too low
concentration GO sheets within the nanocomposites to employ
XRD for getting enough diffracted radiation [31].

Raman spectroscopy

Raman spectroscopy has a profound role in the structural char-
acterization of nanocomposite polymer systems, in particular
allowing to Bvisualize^ the BGO–polymer chains^ interactions,
to probe the dynamics of polymer chains as a function of de-
fects on surfaces of GO nano-sheets, and to measure the stack-
ing of the graphene layers and the finite sizes of the crystallites.

The Raman spectra of salt containing PEO/PVP blend electro-
lyte membrane displayed various characteristic vibrational

Fig. 2 a X-ray diffraction patterns of different polymer electrolyte mem-
branes. b (i) The XRD deconvoluted patterns for GO incorporated PEO/
PVP/NaIO4 (10 wt%) electrolyte samples in the 2theta range 19–20°. (a)
PEO/PVP/NaIO4 (10 wt%), (b) PEO/PVP/NaIO4/ GO (0.2 wt%), (c)
PEO/PVP/NaIO4/GO (0.4 wt%), and (d) PEO/PVP/NaIO4/GO
(0.6 wt%). The color of curves indicates as follows: black line: base line,
red color: fit peak, blue line: cumulative fit peak. b (ii) The XRD

deconvoluted patterns for GO incorporated PEO/PVP/NaIO4 (10 wt%)
electrolyte samples in the 2theta range 22.8–24°. (a) PEO/PVP/NaIO4

(10 wt%), (b) PEO/PVP/NaIO4/GO (0.2 wt%), (c) PEO/PVP/NaIO4/
GO (0.4 wt%), and (d) PEO/PVP/NaIO4/GO (0.6 wt%). The color of
curves indicates as follows: black line: base line, red color: first fit peak,
blue line: second fit peak, dark cyan: third Fit peak, and magenta: cumu-
lative fit peak

Fig. 3 Raman spectra for (a) PEO/PVP/NaIO4 (10 wt%), (b) PEO/PVP/
NaIO4 (10 wt%)/GO(0.2 wt%), (c) PEO/PVP/NaIO4 (10 wt%)/GO
(0.4 wt%), and (d) PEO/PVP/NaIO4 (10 wt%)/GO (0.6 wt%)

3464 Ionics (2018) 24:3459–3473



bands in the wavenumber region of 200–2000 cm−1 (Fig. 3(a)),
which are assigned to different modes of vibrations associated
to various functional groups of PEO and PVP polymers
(Table 1) [32, 33]. The presence of all characteristic Raman
bands related to PEO and PVP polymers evidences for their
complete miscibility during the fabrication process of PEO/
PVP/NaIO4 blends. The Raman spectrum of pure GO exhibited
two vibrational modes at 1352 and 1584 cm−1, which are asso-
ciated to D and G bands, respectively (SMI, Fig. S1). The D
band is related to structural defects and partially disordered
structures of the sp2 domains and the G band is related to the

E2g vibration mode that originates from the in-plane vibration
of sp2 carbon atoms [34]. Significantly, the characteristic vibra-
tional bands associated to various functional groups of PEO
and PVP polymers were strongly suppressed throughout the
Raman spectra of nanocomposite electrolyte membranes and
the peak head positions of the D and G bands associated to the
pristine GO were shifted from 1352 to 1344 cm−1 and from
1584 to 1597 cm−1, respectively, due to inclusion of GO nano-
sheets of different concentrations (Fig. 3(b–d)). These observa-
tions suggest the fine dispersion and compatibility of GO nano-
sheets within the matrix of blended electrolyte; strong

Table 1 Assignments of Raman
vibrational bands in the
wavenumber range 200–
2000 cm−1 for various functional
groups related to PEO and PVP in
blend polymer electrolytes

Raman shift (cm−1) Assignment PEO Raman shift (cm−1) Assignment PVP

280 δ(OCC)i and δ(COC) – –

366 δ(COC) and δ(OCC)i – –

531 δ(OCC)o 560 N–C=O bend

844 γ (CH2) 754 C–C chain

861 γ (CH2)s and ν (COC)s 851 C–C ring

936 Amorphous 900 C–C ring breathing

1064 γ (CH2)a and ν (COC)s 1023 C–C, CH2 rock

1077 γ (CH2)s and ν (COC)s 1296 CH2 wag,

C–N stretch

1128 ν (COC)s 1380 CH bend

1142 ν (COC)a 1445 CH2 sissor

1234 γ (CH2)a 1462 C–N

1280 γ (CH2)s and γ (CH2)a 1494 –

1364 ω (CH2)s and γ (CC) 1663 C =O

1396 ω (CH2)s and ν (CC) – –

1445 δ (CH2)s – –

1486 δ (CH2)s – –

Scheme 3 a Transient cross-link
formation between EO molecule
of PEO andNa+ ions. bDistortion
of helical chain of PEO to zigzag
configuration due to salt com-
plexation. c Winding of fibrils of
PEO around stack of GO sheets. d
Intercalation of fibrils of PEO be-
tween GO sheets
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intercalation of hydrophilic fibrils of PEO, cations into the gal-
lery of GO; and anchoring of PVP molecules via hydrogen
bonding with COO− groups on surface or on edges of the GO
nano-sheets (illustrated in Scheme 3) [35].

Generally, Raman intensity ratio of the D and G bands (ID/
IG) is a measure of the relative concentration of local defects or
disorders in comparison with sp2-hybridized graphene do-
mains [36]. The characteristic D and G bands associated to
all nanocomposite electrolyte membranes were fitted by fol-
lowing Gaussian function fitting procedures and estimated
BID/IG^ ratio values with respect to the baseline (Fig. 4a–d).
In comparison to pristine GO, an increasing trend of BID/IG^
values from 0.82 to 1.51 and profile depth between D and G
bands were observed upon increase in weight percentage of
GO from 0.2 to 0.6%. These observations could be attributed
as follows: (i) increase of the salt dissociation rate and thus
increase of transient cross-link formations between the ether
oxygens and sodium cations in specific regions (at which GO
nano-sheets are not present due to non-uniform distribution of
GO nano-sheets) in the matrix of electrolyte. This leads to
further distortion in helical confirmation and corroborates

the formation of zigzag chain configurations of polymer
chains of PEO; (ii) reduction of GO to reduced graphene oxide
(rGO) and increase of their dispersion rate within the matrix of
electrolyte membranes [37]; (iii) increase of C-axis repeat dis-
tance (Ic) values between GO nano-sheets, since during the
fabrication process, polar molecules of methanol can be
absorbed by GO, thus orienting their dipole moment parallel
to the C-axis of GO resulting in turn in an increase of Ic value;
(iv) fibrils of crystalline PEO can wind or intercalate between
GO nano-sheets in the gallery of GO nano-sheets, which al-
lows the fibrils of PEO to form numerous (EO/GO) interfaces
via the formation of chemical interactions with the various
functional groups localized onto the GO surfaces [38]; and
(v) note that graphene oxide nano-sheets are negatively
charged in slightly acidic and basic conditions due to the sur-
rounding surface carboxyl groups [39]; maybe this could lead
to the occurrence of synergetic interactions between the neg-
atively charged GO nano-sheets and carbonyl groups (-C=O)
of PVP via the formation of hydrogen bonds, and Na+ ions.

The Raman intensity ratio BID/IG^ provides the better in-
formation about in-plane crystallite size (La), which is useful

Fig. 4 Deconvolution results of D and G Raman vibrational bands for a
pure GO, b PEO/PVP/NaIO4/GO (0.2 wt%), c PEO/PVP/NaIO4/GO
(0.4 wt%), and d PEO/PVP/NaIO4/GO (0.6 wt%) nanocomposite

electrolyte membranes. (black line: experimental curve; blue line: base
line; red line: first fitted peak; magenta: second fitted peak; and olive:
cumulative peak)

3466 Ionics (2018) 24:3459–3473



for understanding the intercalation tendency of the polymer
chains and the interaction of cations within the gallery of GO
nano-sheets [40]. Note that a large crystallite size of GO is a
desirable parameter for GO-incorporated polymer electrolytes
to realize their adaptability in high-performance metal ion bat-
teries. The La values of all nanocomposite electrolyte mem-
branes were determined using Tuinstra–Koenig relationship
(Eq. 1) and from ID/IG data from Fig. 4 [41].

La nmð Þ ¼ 2:4� 10−10
� �� λ4

laser

� �

ID=IG
� � ð1Þ

where λlaser is the laser line wavelength in nm units and ID, IG
are the peak intensities of D and G bands, respectively.
Significantly, we observed a deceasing trend of La values from
40.68 to 30.71 nm upon increasing of GO weight percentage
from 0.2 to 0.6 wt.% (Fig. 4). This evidences the steric stabi-
lizing or capping nature of PVP, which hinders the π–π inter-
actions between the GO nano-sheets and favors the uniform
dispersion of GO nano-sheets associated with a decrease of
shorter distance between defects on the plane of reduced GO
nano-sheets. Consequently, an increase of the close proximity
between GO surfaces and polymer chains must occur, tailor-
ing the number in (EO/GO) interfaces.

UV-Vis spectroscopy

The optical absorption spectra of PEO/PVP/NaIO4/GO (0,
0.2, 0.4 and 0.6 w/w) electrolyte membranes are presented in
Fig. 5. Comparatively, nanocomposite electrolyte membranes
exhibited relatively higher absorbance and the light absor-
bance was observed to be extended into the visible region
(> 450 nm) with the increase of GO weight percentage. This
evidences the successful incorporation of GO nano-sheets and
their uniform distribution in the matrix of fabricated

nanocomposite electrolyte membranes [42]. In the present
study, optical absorption edge, direct and indirect optical
bandgap values of electrolyte membranes were determined
by extrapolating the linear portions in the plots of α, (αhϑ)2

and αhϑð Þ1=2 versus photon energy (hϑ) (SMI, Fig. S2) [43,
44]. In reference to PEO/PVP/NaIO4, GO-incorporated elec-
trolyte membranes demonstrated a red shift of optical proper-
ties (direct, indirect band gap, and band edge position values)
as a function of GO concentration (Table 2). This can be
attributed to the formation of new localized states (associated
to defects relative to the GO nano-sheets), which can extend
into the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) energy bands
making the lower energy transitions reachable [45]. The en-
hanced optical absorbance and bandgap narrowing values of
the present nanocomposite PEO/PVP/NaIO4 electrolyte mem-
branes suggest their adaptability as a key component for the
applications in efficient light energy utilization. The Kubelka–
Munk reflectance (RC) values of nanocomposite electrolyte
membranes were estimated by employing recorded UV-Vis-
NIR diffuse reflectance spectra (DRS) (SMI, Fig. S3), estimat-
ed direct bandgap (Eg), refractive index (n) values, and
Saunderson formula (Eq. 2), which is the modified form fol-
lowing the Kubelka–Munk model [46, 47]. Figure 6(i) shows
the variation of RC values as a function of wavelength for
PEO/PVP/NaIO4/GO (0, 0.2, 0.4, and 0.6 wt%) electrolyte
membranes. In comparison to PEO/PVP/NaIO4 electrolyte
membrane, the nanocomposite PEO/PVP/NaIO4/GO electro-
lyte membranes demonstrated higher optical absorption in the
visible region; this could be attributed to the increasing in
number of interfacial interactions between the various func-
tion groups on GO surfaces and the polymer chains of PEO/
PVP blend.

Rm ¼ k1 þ 1−k1ð Þ 1−k2ð ÞRC

1−k2RCð Þ ð2Þ

where Rm, k1, k2, and RC are the measured reflectance, external
reflectance, internal reflectance, and Kubelka–Munk reflec-
tance, respectively. The external reflection (k1) of the electro-
lyte membranes was mechanically eliminated by opening the
specular exclusion port of the integrating sphere in the spec-
trophotometer. As a result, k1 is equal to zero. The internal
reflection k2 was estimated from following expression [48],
which provides the information regarding intrinsic optical re-
sponses from matrix of PEO/PVP/NaIO4/GO electrolyte
membranes.

k2 ¼ 0:3201þ 3:9779n−1−8:9452n−2 þ 4:6952n−3 ð3Þ

Noteworthy, throughthecalculationsofk2valuesderivedfrom
Eq. 3 (Fig. 6(ii)), an interesting trend was observed. Indeed, k2
values increase upon increase of the weight concentration of GOFig. 5 Optical absorption spectra for different electrolyte membranes
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nano-sheets. Clearly, the GO incorporation in the considered
PEO/PVP/NaIO4 polymeric blends does strongly reflect on the
value of this coefficient, similar to the dramatic change in their
optical absorption in the visible region, discussed above.

Thermal studies

Differential scanning calorimetry (DSC) and thermogravimet-
ric analysis (TGA) studies were carried out for all fabricated
electrolyte membranes to have a better understanding about

their thermal stability properties. DSC experiments reveal the
degree of crystallinity of the electrolytes and flexibility of their
amorphous phases by evaluation of the melting (Tm) and glass
transition (Tg) temperatures. It is well acquaint that room-
temperature ionic conductivity of polymeric electrolyte mem-
branes is usually relatedwith a low degree of crystallinity and a
highflexibilityof thepolymerhost (i.e., lowTgvalues).Figure7
presents theDSCcurvesobtained forPEO/PVP/NaIO4andGO
(0.2, 0.4 and 0.6 w/w) incorporated PEO/PVP/NaIO4 electro-
lyte membranes. The melting temperatures (Tm) were deter-
mined byconsidering the positionof the dip of the endothermic
peak, which can provide information on the melting of spheru-
lite boundaries surfaces and on the state of crystallinity of the
PEOmatrix [49]. The glass transition temperature (DSC-onset,
Tg) values were estimated by following extrapolation methods
with respect to the baseline corrections (SMI, Fig. S4), provid-
ing the information of segmentalmotion of the polymer chains.
In reference to PEO/PVP/NaIO4 membrane, GO-incorporated
electrolytemembranes displayed an increase ofTg, andmelting
enthalpy (ΔHm) values and a slight decrease in their Tm values
(Table 3). This can be interpreted as follows: in GO-loaded
polymer electrolyte systems, segmental motion and mobility
of polymer chains are predominantly depending on the close
proximity of local environment of the round polymer chains

Fig. 6 Kubelka–Munk reflectance spectra for pure and nanocomposite
electrolytes. (i) PEO/PVP (a), PEO/PVP/NaIO4 (10 wt%) (b), PEO/PVP/
NaIO4 (10 wt%)/GO (0.2 wt%) (c), PEO/PVP/NaIO4 (10 wt%)/GO
(0.4 wt%) (d), and PEO/PVP/NaIO4 (10 wt%)/GO (0.6 wt%) (e). (ii)
Variation of determined internal reflection (k2) values for nanocomposite
electrolyte membranes as a function of GO concentration

Table 2 Estimated optical band-edge, direct bandgap, and indirect bandgap values for nanocomposite electrolyte membranes

Sample Optical edge (eV) Direct bandgap (eV) Indirect bandgap (eV)

PEO/PVP/NaIO4 (10 wt%) 3.69 3.62 3.2

PEO/PVP/NaIO4 (10 wt%)/GO (0.2 wt%) 2.76 2.65 2.58

PEO/PVP/NaIO4 (10 wt%)/GO (0.4 wt%) 2.69 2.64 2.54

PEO/PVP/NaIO4 (10 wt%)/GO (0.6 wt%) 2.31 2.22 2.13

Fig. 7 DSC thermograms for GO-incorporated PEO/PVP/NaIO4

(10 wt%) electrolyte membranes
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with the GO nanosheets through GO–polymer interfaces. The
natureandstrengthof theGO–polymer interfacesmay tailor the
mobility of the polymer chains. Upon loading of GO nano-
sheets (0.2 wt%), the possible Bpolymers–GO^ and Bcation–
GO^ interactions create a tendency to form a high number of
GO/EO interfaces. Note that GO/PVP interactions reduce the
stacking tendency of GO nano-sheets and more number of hy-
droxylgroups in reducedGOleading toan increase inhydrogen
bonding formation hence possible interfaces between GO and
polymeric matrix. These quite strong hydrogen bonds would
support the high content of PEO fibrils to intercalate into the
gallery of GO and for the formation of crucial GO/EO inter-
faces. We supposed that the attractive nature of GO/EO inter-
faces could increase the tentatively packing density of PEO
chains between GO nano-sheets and tends to decrease the
fractional-free volume. This restricts the segmental motion of
PEO backbone and mobility of polymer chains in amorphous
portion, and thus raise in theTg andΔHmvalues [50].Generally,
inclusion ofGOnano-sheets enhances the salt dissociation rate
and facilitates more number of salt ions. This favors for the
dramatic increment of transient cross-link formations of Na+

ions with intercalated EO of PEO in the gallery of GO and
reduces the surface-free energies of spherulite boundaries that
will consequently melt at lower temperatures.

The TGA thermograms of all fabricated electrolyte mem-
branes were recorded (Fig. 8) and the variation of decompo-
sition temperatures (Td) at 10 wt% weight loss were observed
in the temperature range of 320–350 °C. Initial weight losses
at 50 and 95 °C were noticed due to the evaporation of mois-
ture in the samples [51]. In reference to PEO/PVP/NaIO4

electrolyte membrane, the weight loss curves associated to
the nanocomposite electrolyte membranes demonstrated two
major stages of decomposition: (i) first, the weight loss in the
temperature range of 100–130 °C, which could be owned to
the de-intercalation of fibrils of PEO from the gallery of GO
leading to decarboxylation; (ii) the second stage from 150 to
400 °C could be owing to the decomposition of oxygen func-
tional groups on GO sheets and due to degradation of polymer
blend to the decomposition of the GO framework and/or the
degradation of the blended polymers [52, 53]. Significantly,
the position of weight loss curves corresponding to the GO
nano-sheets incorporated blend electrolytes were noticed to
shift toward a higher temperature region (Table 3) in agree-
ment with the instauration of strong interfacial interaction be-
tween GO nano-sheets (comprising outstanding mechanical
properties, high flexibility, high bonding potential, and ex-
tremely high aspect ratios) and blended polymer. This contrib-
utes to increase the stiffness of intercalated polymer chains

Fig. 8 Thermogravimetric
analysis curves for
nanocomposite electrolyte
membranes. (a) PEO/PVP/NaIO4

(10 wt%), (b) PEO/PVP/NaIO4/
GO (0.2 wt%), (c) PEO/PVP/
NaIO4/GO (0.4 wt%), and (d)
PEO/PVP/NaIO4/GO (0.6 wt%)

Table 3 Glass transition, melting,
decomposition, and
crystallization temperatures of
various polymer blend
electrolytes

Sample Tg (°C) Tm (°C) ΔHm (J/g) %χc Td (°C)

PEO/PVP/NaIO4 (10 wt%) 50.19 67.40 54.0 55.0 366.21

PEO/PVP/NaIO4 (10 wt%)/GO (0.2 wt%) 54.35 66.43 70.4 71.76 383.87

PEO/PVP/NaIO4 (10 wt%)/GO (0.4 wt%) 55.13 66.43 73.9 75.33 386.18

PEO/PVP/NaIO4 (10 wt%)/GO (0.6 wt%) 55.30 65.93 77.9 79.40 390.78
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into the gallery of GO and thus increase the range of decom-
position temperatures of nanocomposites with an increase of
GO concentration. With respect to PEO/PVP/NaIO4 electro-
lyte, the position of weight loss curve associated to nanocom-
posite PEO/PVP/NaIO4/GO (0.6% in weight) electrolyte
membrane demonstrated a maximum shift of 24.8 °C toward
higher temperature region on temperature axis. In addition to
this, an extended plateau region between 150 and 350 °C ev-
idences for the enhancement in thermal stability of fabricated
nanocomposite electrolyte membranes in the present study.

Mechanical properties

Mechanical stability properties of SPEs are significant to over-
come the drawbacks from liquid-state electrolytes and to im-
prove the durability by expanding the operating conditions of

electrochemical cells. Graphene-based derivatives are recog-
nized as ideal nano-filler components, owing to their excep-
tional mechanical properties and flexible in nature, for the
fabrication of multi-functional polymer nanocomposites with
more toughness [54]. In this context, incorporation of
graphene oxide components into various polymer matrices
might result in a dramatic improvement in the mechanical
properties such as elastic modulus, tensile strength, and tough-
ness. Most of the work that reported on mechanical stability
properties of polymers incorporating GO nano-fillers have
been performed for pure PEO matrices [55–57]. The mechan-
ical properties of PEO/PVP blend-based electrolyte mem-
branes have not yet been reported, even though these proper-
ties are crucial for SPEs for the fabrication of sodium ion
(Na+) batteries. Mechanical stability tests were carried out,
up to the fracture, for all fabricated membranes to determine

Fig. 9 Stress–strain curves for nanocomposite PEO/PVP/NaIO4 electrolyte membranes

Table 4 Estimated average
Young’s modulus (E, MPa),
tensile strength (Sut, MPa), and
ductility values for
nanocomposite polymer
electrolyte membranes as a
function of graphene oxide (GO)
concentration

Sample E (MPa) Sut (MPa) Ductility (%)

PEO/PVP/NaIO4 (10 wt%) 418.8 5.23 1.83

PEO/PVP/NaIO4 (10 wt%)/GO (0.2 wt%) 551.6 8.15 2.08

PEO/PVP/NaIO4 (10 wt%)/GO (0.4 wt%) 702.4 8.98 1.61

PEO/PVP/NaIO4 (10 wt%)/GO (0.6 wt%) 661.7 5.33 1
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their tensile strength, their Young’s modulus, and ductility
properties and obtained data are summarized in Table 4.
Figure 9 shows stress-strain curves for all present electrolyte
membranes. The PEO/PVP/NaIO4 electrolyte membrane
demonstrated an average tensile strength of 5.23 MPa,
Young’s modulus of 418.8 MPa, and displayed the ductility
of 1.83%. Comparatively, GO nano-sheets incorporated PEO/
PVP/NaIO4 electrolyte membranes demonstrated improved
mechanical stability properties. In the present study, PEO/
PVP/NaIO4/GO (0.4wt.%) electrolyte membrane demonstrat-
ed improved tensile strength of 41.8% and Young’s modulus
of 40.4% and displayed a maximum fractured elongation of
3%. This can be interpreted as follows: (i) the strong confine-
ment of polymer chains/GO interfaces, (ii) unique chemical
cross-linking between the carboxyl functional groups primar-
ily located around the edge of the GO nano-sheet and func-
tional groups onto the polymer chains related to PEO/PVP
blend via multiple strengthening mechanisms: hydrogen
bonding, entropic elasticity of the polymeric chains, covalent
bonding between the graphene oxide and polymer chains; and
(iii) increased specific interracial area due to dispersion of GO
nano-sheets (of 0.4% in weight) in the matrix of PEO/PVP/
NaIO4 electrolyte [58, 59]. In opposition, doping with higher
concentration of GO (> 0.4 wt.%) leads to decrease in the
mechanical stability of PEO/PVP/NaIO4 electrolytes. This
could be due to poor dispersion and excessive aggregation
or stacking of GO sheets and/or diffusion tortuosity.

Impedance spectroscopy

Figure 10 shows typical Nyquist plots of nanocomposite poly-
mer electrolytes embedded with three different concentrations
of GO nano-sheets. Each Nyquist plot consists of a depressed
semicircle toward the higher frequency of the applied electric
field. The feature is followed by a spike at the lower frequency

side. The depressed semicircle represents the conductive prop-
erties of the bulk material while the tilted spike represents the
electrical double layer [60]. The bulk resistance (Rb) is deter-
mined from the point of intersection of higher end of semicir-
cle with the real (Z∣ = Rb) axis. The room temperature ionic
conductivities of all present electrolytes were calculated using
the expression σ ¼ t= Rb*Að Þ, where t and A are the thickness

and effective area of the electrolyte membranes, respectively
[61]. The estimated room temperature ionic conductivity of
pure PEO/PVP/NaIO4 (10 wt%) electrolyte membrane was
found to be 1.56 × 10−7 S/cm [27] and observed meager incre-
ment in room-temperature ionic conductivity as a result of
addition of GO nano-sheets (0.2, 0.4, and 0.6 wt%). In the
present study, PEO/PVP/NaIO4/GO (0.6 wt.%) electrolyte
membrane exhibited higher room-temperature conductivity
of 1.89 × 10−6 S/cm. This could be attributed to synergistic
interactions between GO/polymer chains or GO/Na+ ions,
which leads to restrict the segmentalmotion of polymer chains,
mobility of Na+ ions, and/or finding a new site on PEO poly-
mer chains during the hopping mechanism of Na+ ions [62].

Conclusions

The nanocomposite PEO/PVP/NaIO4/GO solid polymer elec-
trolyte membranes were successfully fabricated using solution
casting technique. A unique surface morphology comprising
circular-shaped protuberances of different dimensions re-
vealed the inlaid clusters of GO nano-sheets and their exfoli-
ation in the matrices of nanocomposite polymer electrolytes.
The incorporation of GO nano-additives in PEO/PVP/NaIO4

blends resulted in suppression of all characteristic Raman
bands related to PEO and PVP polymers. The increase of
the ratio of Raman intensities (ID/IG) related toD andG bands
and a decrease of in-plane crystallite size (La) values are at-
tributed to the successful incorporation and good distribution
of GO nano-sheets. A characteristic red shift and improved
light absorption in the visible region evidenced for the inclu-
sion of GO nano-sheets and the interfacial interactions of GO/
polymer chains in the matrices of PEO/PVP/NaIO4/GO elec-
trolytes. The nanocomposite PEO/PVP/NaIO4/GO electro-
lytes demonstrated excellent thermal stability properties as
evidenced by a plateau region between 150 and 350 °C.
Significantly, with respect to PEO/PVP/NaIO4 electrolyte,
the nanocomposite PEO/PVP/NaIO4/GO (0.4% in weight)
electrolyte membrane demonstrated improved tensile strength
of 41.8% and Young’s modulus of 40.4%. The PEO/PVP/
NaIO4/GO (0.6 wt.%) electrolyte membrane demonstrated
higher room temperature conductivity of 1.89 × 10−6 S/cm
with appreciable mechanical properties (tensile strength of
8.98 MPa, Young’s modulus of 702 MPa) with respect to
PEO/PVP/NaIO4 electrolyte.

Fig. 10 Nyquist plots for GO-incorporated electrolyte membranes. (a)
PEO/PVP/NaIO4 (10 wt%), (b) PEO/PVP/NaIO4 (10 wt%)/GO
(0.2 wt%), (c) PEO/PVP/NaIO4 (10 wt%)/GO (0.4 wt%), and (d) PEO/
PVP/NaIO4 (10 wt%)/GO (0.6 wt%)
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