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Figure S 1 FT-IR spectra of PEG. 

FT-IR spectra of PEG is shown in Figure S 1. 

 

 
Figure S 2 Raman spectra of GNP, GNP-COOH, and FGNP. 

 

Raman analysis has been reported as a robust tool for the characterization of the GNP 

functionalization reaction. Raman spectrum of GNP, GNP-COOH, and FGNP systems are presented in 
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Figure S 2. Two characteristic peaks of carbon allotropes (D and G bands) can be detected. The D-band 

emerged at ~1340-1360 cm-1 reflecting the ring-breathing mode of sp2 atoms. The D-band is specifically an 

indicator of the irregularities or the defect. The emergence of G band at 1567 cm-1 indicated the bond 

stretching in all pairs of sp2 atoms (either rings or chains); it manifested itself as the prominent mode in 

GNP [1]. It is well known that the ratio of D band intensity to that of G band (ID/IG) is under the influence 

of irregularity patterns of graphene nanoplatelets. Acid treatment of GNP and chemical grafting of PEG to 

COOH-GNP are two main reactions that lead to the formation of some defects on the surface of GNP and 

disturb the NPs’ pattern. In the case of our samples, ID/IG ratio of GNP, COOH-GNP, and FGNP was 

determined 1.15, 1.39, and 1.42, respectively. An increment in ID/IG ratio of FGNP is a sign of PEG chemical 

grafting onto GNP [2]. 

An important technique for the quantitative determination of the GNP functionalization reaction is 

energy-dispersive X-ray analysis (EDX). The main elements, as well as their concentrations, are depicted in 

Table S 1 for GNP, GNP-COOH, and FGNP. According to the results, only carbon and oxygen atoms were 

present as the main elements of all the samples and no impurity was found. A comparison between the 

GNP and GNP-COOH nanoparticles revealed an increase in the oxygen content (from 2.1 to 10.1 wt%) after 

treatment with acids. Higher oxygen contents were also detected in FGNP (14.2 wt%) due to the presence 

of grafted PEG chains possessing one single oxygen atom for each repeating unit of the polymer. The 

mentioned characterization techniques were conducted to confirm the occurrence of the chemical reaction 

and efficient progress of the PEG grafting.  

Table S 1 EDX elemental composition of GNP, GNP-COOH, and FGNP nanoparticles. 

 

 

1. CHNO elemental analysis 

The results of elemental analysis as another powerful technique evidenced that functionalization 

reaction performed very well. The oxygen content before and after the acid treatment was 3.39% and 

11.25%, respectively. Increments of oxygen content in the samples after acid treatment can be an indication 

of surface oxidation of graphene nanoplatelets and existence of oxygen-containing groups. Higher oxygen 

contents were also identified in FGNP (15.9 wt%) due to the existence of grafted PEG chains owning one 

single oxygen atom for each repeating unit of the polymer.  

 

 

 

 

 

 

 

 

 

 

 

Sample Carbon (wt%) Oxygen (wt%) O/C ratio 

GNP 97.9 2.1 0.021 

GNP -COOH 89.4 10.1 0.113 

FGNP 85.7 14.2 0.165 
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Table S 2 Tg, Tm, ΔH and degree of crystallinity (%) of the neat polymers, blend, and GPEs (A and B, 

represent PVDF-HFP and PEO, respectively). 

Sample Tg Tm A Tm B ΔHA ΔHB     

Gel-GNP(0.1) -61.52 121.73 45.33 9.01 22.21 14.34 25.98 

Gel-GNP(0.25) -61.87 120.59 44.26 8.13 22.01 12.94 25.75 

Gel-GNP(0.5) -62.68 118.17 43.18 6.26 21.57 9.96 25.23 

Gel-GNP(0.75) -63.43 116.44 41.83 5.08 20.76 8.09 24.29 

Gel-GNP(1) -63.59 115.68 40.41 4.48 20.34 7.13 23.80 

Gel-GNP(1.5) -63.36 117.02 42.11 5.89 20.98 9.38 24.54 

Gel-FGNP(0.1) -61.54 121.55 44.85 8.74 22.09 13.91 25.84 

Gel-FGNP(0.25) -62.62 118.46 41.57 6.96 21.18 11.08 24.78 

Gel-FGNP(0.5) -65.89 114.09 38.31 4.98 20.85 7.93 24.39 

Gel-FGNP(0.75) -66.07 110.48 36.73 3.71 19.41 5.90 22.71 

Gel-FGNP(1) -65.98 113.81 38.81 3.99 20.96 6.35 24.52 

Gel-FGNP(1.5) -63.81 115.53 41.29 5.06 21.37 8.05 25.00 
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2. Determination of the linear viscoelastic region 

 

 
Figure S 3 Storage modulus versus strain amplitude. 

For differentiating the linear viscoelastic region from the nonlinear, investigating the dispersive 

stability of NPs and the influence of IL, the strain amplitude sweep tests were carried out under the 

controlled frequency (1 rad s−1) and the strain range of 0.05–100%. The storage modulus was plotted as a 

function of the strain amplitude for PVDF-HFP/PEO blend, Gel and its nanocomposites including GNP 

and FGNP as shown in Figure S 3. The linear-nonlinear transition of the viscoelastic behavior occurred at 

lower strain values in the Gel, Gel-GNP(1), and Gel-FGNP(0.75) as compared with the neat blend.  

As can be seen, modulus reduction happens because of plasticizing effect of IL in the Gel sample. It is 

observed that modulus reduction in Gel sample happens as a result of a) plasticizing effect of IL, and b) 

decreasing of physical crosslinking density. It should be noted that reduction of modulus, which happens 

by these two phenomena are in competition with modulus improvement causes by gelation interactions. 

Thus, the linearity of the viscoelastic behavior was reduced and the storage modulus of the Gel sample was 

rapidly decreased after the critical strain. Also, this transition in the FGNP containing nanocomposites 

occurred at lower strains in comparison with pristine nanoplatelets. Such an observation could be assigned 

to the microstructural variations due to the presence of the functionalized graphene nanoplatelets and the 

breaking of several essential elastic linkages in the 3D framework of the nanoplatelets whose contents are 

more dominant in the functionalized nanoplatelets. Additionally, storage modulus exhibited a rapid 

decline in the Gel-FGNP(0.75) implying more robust 3D network structures when FGNPs are used instead 

of GNPs. Therefore, more linear rheological assessments were conducted within the linear viscoelastic 

region (at 0.5% amplitude). 
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Figure S 4 a) complex viscosity, b) Storage and loss modulus, c) Storage modulus, d) Loss modulus, and e) 

damping factor against angular frequency of neat PVDF-HFP, neat PEO, and PVDF-HFP/PEO blend at 190 °C.  
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Figure S 5 shows the pore size distributions of the PVDF-HFP/PEO, Gel, Gel-GNP(1), and Gel-

FGNP(0.75) membrane films, using the mercury intrusion porosimetry analysis. Based on the results, the 

PVDF-HFP/PEO membrane exhibited a slight increase in average pore size with addition of IL in the 

polymer blend. The pore size of PVDF-HFP/PEO varied in the range of 0.2- 2.5 μm, with most of the pores 

ranging within 0.6- 1.5 μm in size, and in Gel sample most of the pores ranging within 0.6- 2.2 μm in size. 

However, effect of graphenes in the matrix is more pronounced. It can be observed that presence of whether 

GNP or FGNP in the polymer matrix lead to rapid increase in pore size within 4- 10 μm. 

 

Figure S 5 Differential pore size distributions obtained for polymer membranes. 

 

The BET measurements was conducted to study the pore radius of the membrane films ( 

Table S 3). It seems pore size of the membranes affected by addition of graphene. Pore size of 

membranes containing nanoparticles is larger than that of PVDF-HFP/PEO, Gel samples. However, the 

effect of functionalization of GNP on the pore radius is insignificant. Membrane films of PVDF-HFP/PEO 

and Gel samples possess smaller pores (0.81 and 0.86 μm, respectively) than Gel-GNP(1) and Gel-

FGNP(0.75) (15.25 and 15.32 μm, respectively). 
 

Table S 3 Comparison of the BET data of PVDF-HFP/PEO, Gel, Gel-GNP(1), and Gel-FGNP(0.75) membrane 

films. 

 

 

 

 

 

 
 

GPE 
Pore radius  

(μm) 

PVDF-HFP/PEO 0.81 

Gel 0.86 

Gel-GNP(1) 15.25 

Gel-FGNP(0.75) 15.32 
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Figure S 6 Schematics of the structures of (a) polymer blend, (b) Gel electrolyte, (c) Gel-GNP(1), and (d) Gel-

FGNP(0.75).  

 

Figure S 6 schematically represents the structural diagrams of four different polymeric membranes. 

Figure S 6-a presents the intermolecular and intramolecular reactions of the polymer blend chains as the 

result of the microcrystalline regions and dipole-dipole interaction between the blend chain constituents. 

These interactions are the consequence of the electrostatic interaction occurring between the fluorine atom 

of a PVDF-HFP chain and the hydrogen atom of the other PVDF-HFP chain (intermolecular) as well as the 

interactions between CF2 groups of PVDF–HFP and C–O–C species of PEO (intramolecular). PVDF-HFP 

has a semicrystalline character; thus, its mechanical properties and thermal stability are high enough. 

However, regarding the insulating feature of most polymers including PVDF-HFP, they are practically 

useful. The addition of PEO (as an ion-conductive polymer) can reduce the crystallinity and improve the 

ion conductivity of the blend by increasing the amorphous domain of the matrix. Also, the incorporation 

of ionic liquid as plasticizer and redox couple (LiI/I2) offers more available ions for transportation making 

it a proper candidate for electrochemical purposes. In addition, presence of pores in the polymer film 

further promoting ion movements and thus, ion conduction [3]. At the same time, better BMIMBF4 and  BF4  

as an IL complex [3] interactions can decrease the entanglement density of the polymer chains resulting in 

a porous configuration due to plasticizing effect of IL as illustrated by Figure S 6-b. The schematic diagrams 

of Gel-GNP(1), and Gel-FGNP(0.75) samples are given in Figure S 6(c and d), respectively. These figures 

demonstrate the effect of nanoplatelets in increasing the porosity by forming larger pores. The polymer 

surrounded connecting network of the graphene improved the electrical features, conductivity, and 

thermal stability.  
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3. Calculation of the bulk electrolyte resistance of GPEs 

The impedance behavior was explored by connecting, in series, the bulk electrolyte resistance (Rb) to 

a constant phase element (Q) along a circuit. The real and imaginary parts of the impedance are given as 

follows [4]: 

𝑍′ = 𝑅𝑏 +  
𝑐𝑜𝑠 (

𝜋𝑝
2 )

𝑘−1𝜔𝑝
 

(1) 

𝑍″ =  
𝑠𝑖𝑛 (

𝜋𝑝
2 )

𝑘−1𝜔𝑝
 

(2) 

 

where Z′ and Z″ are the real and imaginary parts of the impedance, respectively, Rb represents the 

bulk resistance for the membrane electrolyte, ω is the angular frequency (ω = 2πf where f is the frequency 

in Hz), k−1 denotes the capacitance of the Q, and p is the angle formed between the spike and the horizontal 

axis on the Cole-Cole plot. In the case of GPEs, the bulk resistance (Rb) would be much important for 

estimating the ionic conductivity as the intercept of the Nyquist plot (Z′ vs. Z″) along the real axis mainly 

at higher frequency region. 

 

 

Scheme S 1 Schematic of the DSSC. 
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Figure S 7 J–V curves of Gel-FGNP DSSCs containing (0.1, 0.25, 0.5, 0.75, 1, and 1.5 wt% FGNP). 

 

Table S 4 Photovoltaic Performance and Equivalent-Circuit Parameters Fitted to EIS Data of DSSCs from Nyquist 

plot. 

DSSC* 

VOC 

(V) 

Jsc 

(mA cm-2) 

FF (%) ɳ (%) Rs  (Ω) RCT1 (Ω) RCT2  (Ω) RCT3  (Ω) 

Gel-FGNP(0.1) 
0.601±0.015 10.58±0.04 58.70±0.014 3.73±0.07 

16.14±0.16 8.05±0.29 38.21±0.25 23.04±0.38 

Gel-FGNP(0.25) 
0.610±0.017 11.79±0.06 59.59±0.017 4.29±0.05 

14.51±0.51 7.82±0.31 38.14±0.11 22.41±0.24 

Gel-FGNP(0.5) 
0.614±0.011 12.34±0.06 60.97±0.016 4.62±0.13 

12.73±0.44 7.03±0.38 39.86±0.38 21.38±0.35 

Gel-FGNP(0.75) 
0.637±0.005 13.81±0.02 61.95±0.006 5.45±0.09 

11.84±0.17 6.81±0.14 39.48±0.11 20.2±0.16 

Gel-FGNP(1) 
0.637±0.002 13.24±0.03 61.69±0.011 5.20±0.11 

12.17±0.28 7.5±0.21 40.08±0.25 21.01±0.22 

Gel-FGNP(1.5) 
0.587±0.013 11.93±0.05 59.25±0.012 4.15±0.11 

12.51±0.25 7.88±0.29 40.24±0.41 22.07±0.09 

*Data is measured and averaged by three samples. 
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4. Resistance calculation 

 

As shown in Figure 7-b (the inset), one may combine the impedance elements Zs, ZPT , ZCT, and Zdiff to develop 

an electrical equivalent circuit for a DSSC device [5–7]. Accordingly, the sum of (3) through (6) would give the DSSC 

impedance: 

 

Z = Zs + ZPT + ZCT + Zdiff 

 

Such a circuit is then composed of the series resistance (Rs) and the photoanode, the electrolyte, and the counter 

electrode impedances (ZCT, Zdiff, and ZPT, respectively). 

 

In a DCCS, the ohmic Rs is most significantly controlled by electrode substrate sheet resistance as well as the 

electrolyte resistance. 

 

Zs = Rs (3) 

 

Following another approach, CPE can be devised to describe the charge transfer phenomenon at the counter 

electrode and the respective impedance, ZPT: 

 

 

𝑍𝑃𝑇 =
𝑅𝑃𝑇

1 + (𝑗𝜔)𝑛𝑃𝑇𝑅𝑃𝑇𝐶𝑃𝐸𝑃𝑇
 

(4) 

 

in which nPT is the constant phase element (CPE) indices at the counter electrode/electrolyte,  

 

Withholding information on the semiconductor layer characteristics in term of the electron transfer phenomenon 

and the recombination behavior of the semiconductor – electrolyte interface, the photoanode impedance controls the 

diffusion-reaction model [8]. The following expressions give the photoanode impedance [9]: 

 

 

𝑍𝐶𝑇 =
𝑅𝐶𝑇

1 + (𝑗𝜔)𝑛𝐶𝑇𝑅𝐶𝑇𝐶𝑃𝐸𝐶𝑇
 

(5) 

 

where nCT corresponds to the photoanode/electrolyte interfaces. 

 

 

𝑍𝑑𝑖𝑓𝑓 = 𝑅𝑑𝑖𝑓𝑓

𝑡𝑎𝑛ℎ [(
𝑗𝜔

𝜔𝑑
𝑝)1/2]

(
𝑗𝜔

𝜔𝑑
𝑝)1/2

 

(6) 

 

In the above equation, 𝜔𝑑
𝑝
 and Rdiff represent the characteristic diffusion frequency and diffusion resistance of the ionic 

phase of the electrolyte, respectively. 
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