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S1. Experimental Methods
51.1. Thick Film Preparation

Before casting, for 24 h, all solutions were heated and mixed at 95 °C and 310 rpm,
respectively. To prepare a thick film, a solution was directly poured into aluminum-based
casting wells, with 1 cm diameter and 1.5 mm depth. The following steps were taken to
cast films; the cast polymer was transferred to a heating vacuum oven, preset at 60 °C; the
oven temperature was ramped to 90 °C with a ramp rate of 1.3 °C/min, and the wells were
left in the oven for two hours and 30 min. Then, the oven temperature was increased to
150 °C with a ramp rate of 1.4 °C/min and the samples were heated for 24 h to remove the
residual TEP. At this point, the oven temperature was decreased to 110 °C, it was evacu-
ated using a rotary vane pump, and the drying process continued for another 72 h. The
samples were kept in the vacuum oven until they were used for measurement.

51.2. Film composition

To establish a correlation between the composition of the spin-coated films and the
mixtures used for casting, six different compositions of Polymer:IL of 10, 30, 40, 45, 50,
and 55 wt % were prepared and used for spin-coating. Figure Sla shows the normalized
FTIR signal of the films cast on the glass slide. Here, we used the peak area located in
between 1307 to 1370 cm™ and utilized the strong sulfonyl vibration of IL at 1330 cm™! to
deconvolute the signals. Figure S1b shows the deconvoluted peaks used to establish the
calibration line presented in Figure S1b. Each data point is representative of three experi-
ments using the same casting solution.
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Figure S1. (A) FTIR fingerprint of polymeric films; the red box indicates the range used for devel-
oping a calibration curve for estimating films” composition; (B) the established calibration curve for
estimating the film composition cast from known mixtures.
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The peak deconvolution was performed, using the OriginPro software (version 9.4).
Briefly, the peak fitting was done by correcting the baseline using Shirley’s baseline; two
peaks at 1331 and 1348 cm™!, corresponding to the 3-phase peak (PVDF-HFP) and SO:
peak (IL), respectively,[1,2] are chosen for the deconvolution purpose. For the “Fit Con-
trol” parameters, the Gaussian method is applied, with the fixed base, while other param-
eters are adjusted to fit the data. Here we used 200 iterations and tolerance of 1x10-¢ for
variations for the residual error.

51.3. Spin-coating parameters condition

To spin coat a thin film, the substrates were placed on the chuck of a spin coater (,
Laurell Technologies Corporation, North Wales, PA, USA, Laurell H6-8) and the condi-
tions were set accordingly. The setting parameters for the spin coater are given in Table
S1.

Table S1. Conditions for the spin-coating method.

Step Time (s) Speed (rpm) Acceleration (rpm)
1 10 1000
2 37 2500 1000
3 59.1 2000

S2. Carbon Capture Absorption Experiment

To measure CO:z absorption, we used both dynamic and static methods. The dynamic
method was adopted from a previous report,[3] where a high-pressure chamber equipped
with a quartz crystal microbalance (QCM) was used to measure gas sorption within the
film through the gravimetric measurement. The static method is a variation of pressure
drop approach.[4,5] Because obtaining reliable data for IL, via dynamic approach, was
challenging, we only relied on the result from the static method and compared the results
against the reported data in the literature.[6] These data are shown in Table S2.

52.1. Dynamic Method
52.1.1. Experimental Apparatus

Figure S2 illustrates a schematic representation of the experimental apparatus used
measuring CO:z sorption. As shown in Figure S2, a QCM flange is connected to a 4-way
Standard Cross purchased, serving as a pressure chamber, and isolated from the gas tank
by a pressure regulator (Equilibar Inc., Fletcher, NC, USA, EPR 500). A pressure readout
(MKS, Andover, MA, USA, Baratron Pressure Transducer, 870B-24539), attached to the
cross, is used to read the overhead pressure of the QCM module. The chamber is evacu-
ated using a rotary vane pump (Edwards, West Sanborn, NY, USA, RV5 One-Stage), and
in inline valve was used for isolation during sorption measurement. The pressure readout
data is transferred in real-time to a desktop via a microcontroller (Arduino, Somerville,
MA, USA, Uno Rev 3), and the data is logged into LabVIEW software. To record the fre-
quency and temperature of the QCM, the flange is connected to the Eon-LT sensor (not
shown in Figure 52), and data are logged. To maintain the temperature of QCM at its set
point, a recirculating chiller (PolyScience, Niles, IL, USA, AD15R-30-A11B) is used.
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Figure S2. A schematic of an experimental apparatus for the dynamic method. The QCM flange
shown in this figure only displays for the representative. Please refer to an experimental apparatus
for an accurate dimension.

52.1.2. Experimental Analysis

To estimate the adsorbed mass of CO: within thin films Equation S1 was used.

Mco, _ [(ffilm,Pi - ffilm,Pa) - (fQC,Pi - fQC,Po)]
Mgitm (f film,po — f QC,PO)

Where:

mco2— Adsorbed mass of Carbon Dioxide (mg)

myfim— Mass of coated film (mg)

frimpi—Frequency of coated film exposed at pressure, Pi (Hz)

ffimpo—Frequency of coated film in vacuum, Po (Hz)

facri—Frequency of bare QC exposed at pressure, Pi (Hz)

facro—Frequency of bare QC in vacuum, Po (Hz)

Figure S3 illustrates one typical pressure and frequency trajectory collected for both
bare and coated QCM at three different pressures—100, 150, and 200 psi. Here for each
experiment, we recorded the frequency and pressure traces at four different temperatures
of 10, 20, 30, and 40 °C and eight different pressures of 50, 100, 125, 150, 175, 200, 225, 250

psi.
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Figure S3. Typical pressure and frequency traces, collected from the QCM module. Here the data is
collected at 10 °C and the pressure set points were 100,150, 200 psi. (A) Bare and (B) coated QC with
50:50 wt % PVDF-HFP:IL.

52.2. Static Gravimetric Method
52.2.1. Experimental Apparatus
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Figure S4a illustrates an experimental apparatus used for the static gravimetric
method in this study. As shown in Figure S4a, the main cell, which contains adsorbents,
is attached to a manifold, connected to a gas tank through the pressure regulator. A pres-
sure transducer (Honeywell, Charlotte, NC, USA, PX2AN1XX200PSA AX) is connected to
the cell, and the pressure data is logged into LabVIEW. The main cell (except for a section
connected the pressure read-out) is emerged in the chiller (PolyScience, Niles, IL, USA,
AD15R-30-A11B) for maintaining a constant temperature.
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Figure S4. (A) A schematic of the gas manifold and the component of the apparatus used for meas-

urement using static method. (B) Typical pressure trajectory gathered from the cell. The pressure
approached a plateau after ~10 h.

52.2.2. Experimental Method

Before testing, the cell (Swagelok, La Vista, NE, USA, 316-SS Welded VCR Face Seal
Fitting, 1/4 in. Rotating Female Union) and a cell’s cap (Swagelok, La Vista, NE, USA, 316-
SS VCR Face Seal Fitting, 1/4 in. Plug) were cleaned with soap followed by acetone; then,
they were transferred into a beaker of 250-mL acetone and sonicated for 10 min followed
by being heated in an oven at 95 °C for 4 h and cooled down to the room temperature. A
clean and dry cell, capped on 1-end, was placed on an analytical balance (Sartorius, Bohe-
mia, USA, MSA225P100DI Cubis Analytical Balance) and tared. After the weight was ini-
tialized, IL solution was pipetted into the cell using a glass disposable pipette tip, and the
weight was recorded. Then, the cell was sealed on the main manifold as shown in Figure
S4. The whole system was evacuated, and the temperature on the circulating bath was set.
Initially, the system was heated at 75-76 °C for ~ 10 h continuously, while being evacu-
ated, then it was cooled down to the desired temperature and allowed to reach equilib-
rium (~ 8 h). Before introducing CO:z to the system, the vacuum-line valve was closed, and
the pressure logger was initiated. When the desired pressure was reached, the inlet valve
was closed; when the pressure reached a plateau, the test was stopped. For the regenera-
tion process, the vacuum pump was turned on, and the vacuum-line valve was gradually
opened to evacuate the system. Figure S4b illustrates the typical pressure trajectory from
the transducer.

52.2.3. Absorption from static cell
To calculate adsorbed mass of COz, the Peng-Robinson Equation of State (PR-EOS) is
used, and it can be shown in Equation S2:
RT aa

P = om0 =)

(52)
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0.45724 x R% x (Tc)?
- Pc
0.07780R x Tc
b= Pc

a = [1+ (037464 + 1.542260 — 0.2699w?) x (1 — (Tr)?)]?

a

Whereas P and T are the pressure of the adsorbate at equilibrium (psi) and the abso-
lute temperature (K), respectively; R is the ideal gas constant (8.314 Jmol'K); V is the
volume of the cell (mL); w is the acentric factor of COz; Tc and Pc is the critical pressure
of COn.

Eq. (S2) is then re-stated into polynomial form, which is shown in Equation S3:

73— (1-B)Z°+(A—2B—-3B*)Z—-(AB—B?>—-B3) =0 (S3)
A= 0.45724a x P, x (T,) 2

B = 0.45724a X P, x T,
PV
" nRT
Whereas P, is the reduced pressure; T, is the reduced temperature; Z is the compress-
ibility factor, which is calculated by applying Newton-Raphson method to solve the cubic

equation. With Equation 52 a-b mentioned above, the final value is computed by using
MATLAB software.

52.3. Sorption Results
52.3.1. Static Method

Table S2. The static gravimetric isotherm sorption results of [EMIM][TF2N] (Mole CO: per kg IL) at
4 different pressures (psi) and temperatures (K). At 100 and 150 psi, an average and standard devi-
ation were reported based on 3 different prepared tests. At 200 psi, an average and standard devia-
tion were reported based on 2 different prepared tests. Data is compared with interpolated reported
values.[6-9].

T (K) This work Report [6-9]
283.15 293.15 303.15 313.15 283.15 293.15 303.15 313.15
P (psi)
100 091+0.08 0.65+0.01 0.57+0.02 055+0.01 0.73 0.86 0.67 0.49
150 1.16+0.04 0.89+0.06 0.77+0.04 0.73+0.05 1.06 1.13 0.88 0.66

200 1.28+0.08 1.19+0.01 1.06+0.04 0.98+0.02 1.32 1.44 1.11 0.85

52.3.2. Dynamic Method
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Figure S5. The effect of adding IL on the equilibrium absorption capacity of PVDF-HFP:IL (GNP)
mixtures at three different pressures of (A) 100, (B) 150, and (C) 200 psia. Each data point is the
average of four measurements presented with a standard deviation. (D) Polarized Microscopy Im-
ages showing the spherulites grown from different Polymer/IL mixtures with various GNP content.
A scalebar is applicable for all subfigures D.

52.3.3. Heat of Absorption

The enthalpy (or heat) of absorption was estimated by conducting separate experi-
ments, where the temperature were kept constant, and the equilibrium pressures and the
corresponding mole uptake were measured. From the slopes of the graph of the natural
logarithm of dimensionless pressure vs. inverse temperature (in Kelvin), the heat of ab-
sorption under isosteric condition were estimated following Equation S4.[10]

AHugs  d P
- - ﬁ[‘“ (m)],v (54)

Where P and T are the pressure of the adsorbate at equilibrium (kPa) and the absolute
temperature (K), respectively; R is an ideal gas constant (R = 8.314 x 103 kJmol'K-"); N is
the excess molar concentration; AHus is an enthalpy of sorption (kJ/mol). An example of
the enthalpy of adsorption is shown in Table 53 & S4.

Table S3. Sorption isotherms dataset of 50:50 Polymer:IL at different temperatures and 11 different
pressures. The data are the average of five different measurements presented with one standard
deviation.

p Temperature (K)

283.66 +0.2 293.81+0.1 303.25+0.2 312.81+0.3
(psi)  (kPa) Mole CO:2/kgIL
50 344.7 0.631 +0.02 0.593 +0.05 0.520 = 0.06 0.528 £0.07
75 517.1 0.899 +0.04 0.819 £0.05 0.761 = 0.06 0.748 £ 0.07
100 689.5 1.215+0.02 1.094 + 0.07 1.010 £ 0.07 0.974 £ 0.07
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125 861.8 1.530 + 0.02 1.385+0.05 1.252 +0.08 1.193 +0.08
150 1034.2 1.842 +0.03 1.638 £ 0.11 1.490 £ 0.09 1.411 +0.09
175 1206.6 2.189 +0.06 1.936 +0.10 1.743 + 0.09 1.637 £ 0.11
200 1378.9 2.540+0.10 2.195+0.16 1.996 +0.11 1.867 £ 0.11
225 1551.3 2.823 £0.04 2447 +0.11 2.240+0.12 2.088 +0.12
250 1723.7 3.138 £ 0.04 2.711+0.12 2.488 +0.13 2.313+0.13
275 1896.1 3.453 +0.04 3.021 £0.16 2.741 +0.11 2.580+£0.14
300 2068.4 3.769 + 0.04 3.289+0.17 2977 +£0.12 2.798 £0.15

Table S4. The enthalpy of adsorption of 50:50 Polymer:IL at different temperatures and 1.75 mole
COz / kg IL. The data are the average of five different measurements presented with one standard
deviation.

P (kPa) at 1.75 Slope —AHaads
3
T BT moleco/igi ™A AR kaimol)

283.66 + 0.2 3.53 971 +18 6.88 +0.03
293.81 +0.1 3.40 1072 + 45 6.98 +0.07

—821.9+172 6.8+1
303.25+0.2 3.30 1185 + 56 7.08 £0.08
312.81+0.3 3.20 1268 + 61 7.14 +0.08

R2—value (for the linear fitting of the slope) = 0.976 + 0.006.

Similarly, the enthalpy of CO: absorption in polymeric mixtures with various content
of IL and GNP were determined; the data are presented in Figure S6.
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Figure S6. Enthalpy of adsorption of polymeric mixtures. (A) PVDF-HFP:IL with various concen-
trations of IL. (B) Polymeric mixtures of 50:50 PVDF-HFP:IL with various concentrations of GNP.

To gain quantitative information on the interaction between CO: and the coated-thin
film of Polymer:IL (GNP), the enthalpy of adsorption of CO: for polymeric films with var-
ious concentrations of IL and GNP are compared. As shown in Figure Séa, at the higher
mole uptake region, the enthalpy of absorption for CO2 in neat polymer and samples con-
taining up to 30 wt % IL were decreased. The trend is reversed for higher content of ILs.
At constant excess molar concentration, we can see that the enthalpy of sorption as a func-
tion of IL content initially increases and then decreases. We attribute the reduction in the
enthalpy of sorption to the enhanced mobility of chain, or a better dispersion of IL within
polymer domain. As the GNP added to the mixture the interaction of the Polymer:IL is
against weakened due to the role of GNP as a nucleation agent.[11,12]

S3. Film Characterization
§3.1. Atomic Force Microscopy (AFM)
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S.3.1.1. Sample Preparation

For AFM analysis, thin films were prepared by spin coating of solutions on polished
silicon wafers and dried using the same processing conditions as noted before. The AFM
measurements were conducted using a Bruker Dimension Icon AFM in tapping mode
with a range of 15 pum. The ScanAsyst-Air tip was used in this study.

5.3.1.2. Additional AFM images

Figure S7. AFM inphase images of the sample spin-cast from different solutions of Polymer:IL as
specified in the figure: (A) 0 wt. % IL, (B) 10 wt. % IL, (C) 30 wt. % IL, (D) 50 wt. % IL. Arrows
indicates the lamella direction: a yellow arrow indicates the orientation of fibrils of the edge-on
lamellae, while a red arrow indicate the flat-on filbrils; a white arrow indicates the small fibrils. A
scalebar is applicable to all figures.

§3.2. Polarized Microscopy (PLM) and Spherulite Growth Rate

Polarized microscopy measurements were conducted using an Olympus BX51 Polar-
izing Microscope equipped with a Mettler Toledo FP900 thermal system with a tempera-
ture range from room temperature to 375 °C. Thin films were prepared on polished silicon
wafers.

53.2.1. Polarized Microscopy

The size of spherulite and the number of nuclei were analyzed using the FIJI (Image]2)
software.[13] For the PLM of the samples containing 50 wt % ILs, the Trainable Weka
Segmentation (TWS) method,[14] was applied to estimate the size and number of spher-
ulites. A typical image analysis using TWS method is illustrated in Figure S8. For the rest
of the samples the measurements were done manually.
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Figure S8. An overview PLM analysis is performed in 4 steps: (1) pre-processing image by scaling
and selecting an image region; (2) an image classifier model is applied to obtain a resulted image
from the “Trainable Weka Segmentation”; (3) an image threshold process is applied to a selected
class based on users’ defined classes; (4) binary convert process is applied to separate segmented
regions whereas white color corresponds to a selected region. (A) an original PLM image. (B) a
scaled image. (C) an image after the training was completed. (D) trained images with separated
labels were created. (E) a binary image for post-processing.

53.2.2. Spherulite Growth Rate Analysis

The spherulite growth were observed under polarized microscope. Thin films were
coated on silicon wafers from the polymer solutions heated at 90°C. For quantitative anal-
ysis of spherulite growth rate (G), Heat Stage at a heating rate of 2 °C/min was used. The
spherulite growth evolution was captured with a speed of 50 frame-per-second (fps). The
first two spherulites that appeared in an image were selected as the representative spher-
ulites. At each time frame, the radius of the selected spherulites was measured using FIJI.
An example of a growth evolution for a spherulite is shown in Figure S9.
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Figure S9. (A) Evolution of spherulites from a thin film of 50:50 PVDF-HFP:IL coated on a silicon
wafer and heated with a heating rate of 2 °C/min; the red line indicates the radius of the selected
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spherulite. All figures have the same scale. (B) Spherulite growth rate curve. Each data point shown
on the curve is the average value of two spherulites’ radii.

The spherulite growth rate consists of different sub-processes, e.g., solvent evapora-
tion, nucleation, crystal growth, and particle suspension. In this study, we only focused
on the nucleation and the crystal growth. A growth rate (um/min) is determined from the
slopes of radius vs. time curves, and the values are listed in Table S5.

Table S5. Spherulite growth rate of polymeric mixture with various IL and GNP contents. The av-
erage and standard deviation of all samples were reported from two spherulites that appeared first
on the surface.

Growth Rate (um/min)

IL wt % (GNP wt %) (mean # std.)
10 33.1+£29
30 154+14
50 9.4 +0.04
50 (0.1) 9.2+0.6
50 (0.2) 6.6+1.8
50 (0.4) 64+1.3

Std.— data is reported with one standard deviation.

53.3. Fourier-transform infrared spectroscopy (FTIR)

To gain information about the film composition, FTIR measurements were per-
formed on a Bruker ALPHA FTIR spectrometer. Thin film samples were prepared on the
glass slide (VWR Precleaned Microscope Slides, 2.5x7.5x0.1cm) and were lift off the glass
and placed on the diamond window of the spectrometer. The IR spectra were recorded in
the ATR mode and used for further analysis. The IR peak assignments of PVDF-HFP, IL,
and TEP are tabulated in Table S6. The spectra of thin films were used to study the com-
position of these films. To quantify the degree of 3-phase, the frequency regions from 1100
to 1300 cm™ containing both of a-, -, y-phase are chosen.[15] The selected region is shown
in Figure S10.

A B

Y (1227 cm™)

B (1275 cm™) \\

YpvoF-HFP

(1240 cm‘)\ '\

U 1oL (1207 cm)

1400 1200 1000 800 600 1425 1350 1275 1200 1125
Wavenumber (cm™') Wavenumber (cm™)
Figure S10. (A) FTIR spectra of polymeric mixtures; the red box indicates the frequency region,
containing a-, B-, and y-phase, which is used to determine the formation of y-phase for the quanti-

fication of the degree of 3-phase, the purple box indicates the frequency region used for the quanti-
fication of the degree of 3-phase. (B) region in 1100-1450 cm™, containing a-, 3-, y-phase.
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For PVDE-HEFP, as shown in Figure S10b, 3- and y-phase appeared at 1275 and 1240
cm!, respectively; a shift for peaks assigned to the B-phase as the function of IL content
can be noted.[16] The degree of 3-phase was determined by applying Equation 5, follow-
ing previous reports and ignoring the y-phase as it is often reported to be very small com-
pared to the other phases.[17]

Ag __ %
1.26A, + Ag (S5)

FB) = 7
(72) e+ 45

Whereas A« and Ag are the absorbencies at the wavenumbers of 763 cm™! and 840
cm!, respectively. K« and Kg are the absorption coefficients at the respective wave-
numbers with the values given as 6.1 x 10 cm?/mol and 7.7 x 10* cm?/mol, respectively.[17]
Using Equation 5 along with the peak intensities, estimated from the deconvolution of
spectra in between 790-811 cm™ (Table S7), was used to estimate the degree of (3-phases
in the samples. Table S8 presents the estimated degree of 3-phase for films prepared from
seven different mixtures.
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Table S6. Characteristic FTIR peaks of polymeric film.
Wav(i:::_l?ber Associated Peak Name Sample Reference
569 CFs
600 SO2
650 SNS
741 CFs [EMIM][TF2N] [2]
1051 NCHs
1132 SO2
1348 SOz
1141 CFs
1641 CH=CF
2900-3000 CH (sp*sp?)
PVDE-HFP [18-21]
1289 CF
612, 1207 a-phase
875, 853, 1275 [-phase
[-phase
836 (Polymer:IL films)
927 P-O-P
1061 P-O TEP [22]
1209 P=0O
Table S7. Defined peak locations for the peak convolution.
Peak number Wavenumber (cm-) Wavenumber (cm-1)
[used for PVDF-HFP:IL (GNP)] [used for PVDF-HFP]
1 702 726
2 725 738
3 740 761
4 750 795
5 762 805
6 790 842
7 811 854
8 839 871
9 877 885
10 904 907
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Table S8. Relative fraction of 3-phase of polymeric films. An asterisk (¥) indicates that a value is
estimated from an interpolation. Data is reported with one standard deviation.

1L wt% (#li)iliilsloLl:tIitooﬁs) (Thil_:,(fv)ork) F(p)
(GNF wt %) (mean = std.) (mean = std.) (reported) [23]
0 0(1) 0.19 +0.08 0.12
10 10.2 £ 1.3E> (2) 0.89 £ 0.004 0.90
30 31.5+£0.01 (2) 0.78 £0.01 0.75
50 50+0 (1) 0.64 £ 0.08 0.65 "

50 (0.1) 51.1+0(1) 0.72+£0.14 -
50 (0.2) 50.2+0 (1) 0.74  0.09 -
50 (0.4) 50.1+ 1.3E~ (2) 0.77 £0.07 -

By comparing results shown in Table S8 with the reported values,[23] we note an
agreement between the two sets. From Table S8, the p-phase content unexpectedly in-
creased when IL content was 10 wt %. This behavior is associated with the electrostatic
interaction between the CF2 group of PVDF-HFP and the cation group of IL, promoting
the formation of the B-phase.[24] However, as the IL content increased in polymeric mix-
tures, the plasticization effect reduces these interactions, leading to a decrease in the frac-
tion of B-phase.[23] In contrast, when GNP was added to the mixture, the -phase fraction
was increased again. Here, we think that GNP restrained the plasticization effect of IL,
favored the formation of 3-phase.[25,26]

53.4. X-ray Diffraction (XRD)

For the XRD measurements, the thick film preparation method was applied. The XRD
measurements were performed on Rigaku SmartLab (Rigaku Co., Tokyo, Japan,
SmartLab). The source was Cu-Ka 0.154 nm; the Bragg-Brentano method and a normal
detector were utilized. XRD angles were collected from 5 to 50 degrees with a scanning
rate of 1 min/deg and a step-size of 0.1 degrees. For determining the degree of crystallinity,
the AMORPH software was used.[27] The input parameters of the AMORPH is presented
in Table S9.

The XRD measurements were repeated at least three times, and the mean values were
reported. For the polymeric films with 30 wt % of IL, the test was done once. The results
were compared against previous report to determine the reliability of our analysis.[23]
Figure S11 illustrates typical XRD analysis, done with the AMORPH software; data for
seven samples of different compositions are shown. The Miller indices and the diffraction
angles of the major peaks are tabulated in Table 510.

Table S9. Parameters applied to AMORPH simulation to calculate the crystallinity and amor-
phousity of the polymeric film.[27].

Parameter Value

Number of particles 1

New level interval 10,000
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Save interval

Thread Steps (ThreadSteps)

Maximum number of levels

Backtracking scale length
Strength of effect to force histogram to equal push

Maximum number of saves

Control points
Number of threads (num_threads)

Subset of the domain should the amorphous peaks be al-
lowed to appear in on the left edge

Subset of the domain should the amorphous peaks be al-

25,000
100
0
10
100
10,000
[5.0-10.0,50.0]
30-34

Vary (based on user’s
decision)

Vary (based on user’s

lowed to appear in on the right edge decision)
Table S10. Pattern XRD angles of the polymeric film.[28-30].
, [BpvDE-HEP pevor-ure (Polymer:IL
Peak’s Type a a (PVDE-HFP) films) a GNP a
Planes (100) (020) (200) (200) (200) (002) (002) (021)
26° 17.9 18.4 19 20 25 27.5 37
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Figure S11. XRD Analysis of polymeric mixtures with various concentrations of IL and GNP. IL wt
% in PVDE-HFP—(A) 0 wt %. (B) 10 wt %. (C) 30 wt %. (D) 50 wt %; GNP wt % in 50:50 PVDEF-
HFP:IL—(E) 0.1 wt %. (F) 0.2 wt %. (G) 0.4 wt %.

The amorph fractions (Xamorph) of polymeric films, prepared from various composi-
tions of IL and GNP in polymer, were estimated from the output of software. The degree
of crystallinity was calculated and tabulated in Table S11.
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Table S11. The degree of crystallinity of polymeric films. For the films with 0, 10, and 50 wt % IL
content. The “Half-width (modelling)” indicates the standard deviation of how close the model to
an actual dataset is.[27].

IL wt % (GNP Actual IL wt % Xe % = 0 (%) Half-width (modelling)
wt %) (mean * std.) (mean * std.) (mean # std.)
0 0 30.19£0.11 9.23+£0.6
10 10.0 £ 0.07 22.25+0.07 8.72+0.6
30 32.1+0.0 24.99 +0.12 9.79£0.6
50 50.1£0.1 19.83 +0.87 891+1.3
50 (0.1) 499 +0.1 15.90 + 0.14 8.86 £0.9
50 (0.2) 50.1 + 0.07 10.86 +0.10 8.61+£0.5
50 (0.4) 50.2+0.0 8.10 £ 0.05 941+04

The result is in good agreement with previous report.[23] Figure S9 (first row), shows
a diffractogram of PVDF-HFP films. The predominant peaks are located at 20 equal to 18,
19, and 27 degrees corresponding to the a-phase (020), B-phase (200), and a-phase
(200).[29,31] A small broad peak at 37 degrees is attributed to the 021 plane of the a-
phase.[32] As can be seen, when IL is introduced to the polymeric films, the a-phase of
PVDE-HFP is suppressed. This was evidenced by the reduction and the shift of two dif-
fraction peaks at 20 of 18 and 27 degrees, associated with the a-phase (020) and (200).
These changes in the structure of polymer were attributed to the strong van der Waals
(vdW) interaction between the imidazolium cations of IL and the negative dipoles of CF2
groups of PVDF-HFP. These interactions appear to be the rate determining parameter of
crystallization kinetics and stabilized the formation of the B-phase of PVDE-HFP.[33,34]
Previous reports point to similar trends; here we think that the mobility of IL induces
disorder in the arrangement of polymer chain, resulting in a reduction in the degree of
crystallinity and the formation of the 3-phase.[23,35]

53.5. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measurements are used to determine the
degree of crystallinity and melting temperature of semicrystalline polymer.[36] Thick film
samples were prepared with the same composition as noted in the XRD section. The film
were cut into small pieces, and ~ 5.5 mg was used for the measurement. The DSC meas-
urements were performed on the Netzsch DSC 204 F1 Phoenix Differential Scanning Cal-
orimeter at a heating/cooling rate of 5 °C/min under N: flow.

Figure 512 shows DSC curves of all samples for the heating process from 25 to 175 °C
at 5 °C/min, and Figure S11 shows DSC curves for all samples for the cooling process from
175 °C to the room temperature at 5 °C/min. As shown in Figure 513, there were two peaks
associated with two melting temperature (Tm), on the DSC curves, indicating two types of
crystal phases—a- and -phase.[24,37] Table 512 summarized the melting temperature
for polymeric films, and Table 513 summarized the crystallization and solidification tem-
perature for polymeric films. Compared with pure PVDF-HFP, as the IL content in-
creased, Tm value decreased. The shift in Tm to the lower region was due to the plasticiza-
tion effect of IL.[24] It can be also associated with the reduction in the crystallite size and
the increase in interfacial area, which was previously reported.[38] When GNP was added
to the polymeric films, because of the nucleation effect of GNP, the 3-phase of PVDF-HFP
was increased and the melting point of the film was further reduced. Furthermore, when
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the IL or GNP content was increased, the exothermic peaks became wider, indicating the
slower crystallization rate and the lower degree of crystallinity of the films. This trend is
consistent with the XRD measurements, spherulite growth rate analysis, and previous re-
ports.[37,39]

A B
o
2
o
e
§ IL wt %
T (GNP wt %)
2 PVDF-HFP :(1)0 50 (0.1)
51 T ~151°C —30 —50(0.2)
" , —50 —50(0.4)

25 B0 75 100 125 150 175 25 50 75 100 125 150 175
Tempeature (°C) Temperature (°C)

Figure S12. (A) DSC curve analysis of PVDF-HFP. (B) DSC curve of Polymer:IL (GNP).

A B
° PVDF-HFP
3 T~112°C T,~151°C
3
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5 . | —0 —50 —50(0.2)
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Figure S13. (A) Heat Flow vs. Temperature (°C) curve analysis of PVDF-HFP. (B) Heat Flow vs.
Temperature (°C) curve of Polymer:IL (GNP) during a cooling process.

By assuming the film is mostly ordered into a- and -phase, the degree of Crystallin-
ity (Xc) was calculated using following Equation 7.[40]
¥ - AH,, _ AH,,
" xxAH,+yxAHg (1 -y) X AH, +y x AHg @)
Where AHg is the heat of fusion of Brvor-trr (~ 104.7 J/g);[40] AHa is the heat of fusion
arvor-Hep (~ 93.04 J/g);[40] x is a relative fraction of degree of a-phase of PVDF-HFP; y is a
relative fraction of degree of 3-phase of PVDF-HFP.

Table S12. Melting temperature of various films. For the films with 50 wt % IL content the data are
representative of average values of three measurements from different samples, presented with one
standard deviation.

o
IL wt % Actual IL wt (Tﬁl; (W((fl)‘k) Tm (°C) Reference
(GNP wt %) % (reported)
(mean =+ std.)
0 0 151.7+£0.1 144.9, 145, 147.2, 151 [39,41-44]
10 10.2 146.8 134 [23]
30 32.1 138.7+ 0.4 129 [23]
50 50.2 132.2+0.5 110 [23]
50 (0.1) 49.9 131.8+04 - -
50 (0.2) 50.0 131.6 £0.3 - -

50 (0.4) 50.2 130.4 2.6 - -
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Table S13. Melting temperatures, crystallization temperatures, and solidification of various films.
For the films with 50 wt % IL content, the data are representative of average values of three different
samples, presented with one standard deviation.

ILwt%  Actual IL Tm (°C) Te (°C) Te (°C) Solidification (°C)
(GNP wt %) wt% (mean £std.) (mean *std.) (reported) (AT = Tw-To)
0 0 151.7+0.1 110.8 112.5 [44] 409=+1.5
10 10.2 146.8 103.1 - 43.8
30 32.1 138.7+04 - - -
50 50.2 132.2+0.5 128.8 £0.8 - 34+09
50 (0.1) 49.9 131.8+04 130.1+0.6 - 1.8+0.7
50(0.2) 50.0 131.6 £0.3 130.9+0.5 - 0.7+0.5
50 (0.4) 50.2 1304 +2.6 129.9 £ 0.2 - 0.6+2.6

Since Xc = AHm / (x*AHa + y*AHg) = AHm / ((1-y)*AH« + y*AHp), the standard deviation
of degree of crystallinity used for the DSC measurements can be determined by Equation

8.
e\, X\’
O = (aAHm) S8t +<6_y> 5

©)
Whereas
oxe 1
0AH,, (1—y)xAH, +y X AHp
ax. AH,, (AH, — AHp)

9 [(1-y) xAH, +y x AHg]*

Table S14. Degree of crystallinity of Polymer:IL (GNP).

— (1) - 0,
e N X0
NP wt ¢ > i t
(GNP wt %) (mean = std.) (mean =+ std.) (reported)
22.5,[37] 23,[42]
0 20.5+34 28.29+0.12 21[32]
10 17.9 22.25+0.07 20 [23]
30 14.6+0.4 2499 +£0.12 22.5[23]
50 10.8+8 19.83 £0.87 19 [23]
50 (0.1) 104+9 15.90+0.14 -
50 (0.2) 102+3 10.86 +0.10 -
50 (0.4) 9.6+2 8.10 +0.05 -

Although the absolute value of crystallinity estimated from DSC and XRD are not in
the same range, both the data set present the same trend. In the case of GNP-containing
films, the estimated values for the crystallinity measured from DSC and XRD are similar.
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