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FITR analysis of Pure Ionic Liquids. 
The pure ionic liquids of PIL-1, (2-hydroxyethylammonium formate (2-HEAF)) shows a broad O-H functional groups in their infrared spectrum, with peaks displaying at 3352, 3155, and 3070 cm−1. This functional group directly increases the mobility of the protons through the polymer membrane, enabling proton conductivity [1].
Similarly, the C=N functional groups exhibit a peak around 1670 cm−1, whereas the N-H functional groups are seen in lower intensity portions between 1590 and 1540 cm−1 range. This confirming the existence of ammonium carboxylate structure of the ionic liquids. Nonetheless, the IR spectra of this sample shows a broad band in the range of 3500-2400 cm−1, also supporting existence of typical ammonium structure. However, it can be observed that the carbonyl stretching and N-H planar bonding vibrations overlapped and are visible about 1600 cm−1[2,3].
In the FTIR spectrum of PIL-2 (Diethylmethylammonium triflate), the high intensity peaks between 638 and 1028 cm−1 and the absorption bands above 1350 cm−1 are attributed to the diethylmethylammonium cation’s vibration modes [4]. While vibration modes of triflate (TfO) anion can be indicated by the intense peak at 512, 576, 1060, 1160, 1224, 1260 cm−1 [5].  Moreover, N-H stretching vibration can be attributed to two peaks at 3066 and 2799 cm−1. There are additional distinctive bands about 1150 and 1300 cm−1 that link to the N-H bond. The weak intensity of C-H vibrational modes of alkyl side chains is appearing around 2955 cm−1.  The weak intensity of C-H peaks in triflate anion is due to strong peak originate from N-H out of plane bending deformation coupled with neighboring S-O stretching vibrations, and C-H bending which causes masking of the C-H vibration signals by strong N-H vibration [6]. 
Similarly, PIL-3 (1-Ethylimidazolium bis(trifluoromethylsulfonyl)imide) and PIL-4 (1,2-Dimethylimidazolium bis(trifluoromethylsulfonyl)imide) both have similar functional groups. In their FTIR spectra, the bands/peaks appearing between the range of 700 and 900 cm−1 can be ascribed to contributions from ring bending modes of the imidazolium cation [EI]+. Besides, the peaks appear at 855 cm−1 in the spectra of [EI]+ which may be attributed to the ring NC (H) N CH bending vibration and differentiated of ethylated and non-ethylated cations. Also, the peaks of the spectral range of 1000–1400 cm−1 are dominated by vibrations of the trifluoromethylsulfonyl)imide [TFSI]− anion. Additionally, important functional groups and their position have been tabulated in Table S1. 
The pure ionic liquid i.e. PIL-5, specifically Diethylmethylammonium methanesulfonate, exhibits peaks at high wavenumbers attributed to the low absorptivity of the C–H and N–H groups in its FTIR spectrum. Conversely, strong peaks are observed at low wavenumbers, primarily resulting from the vibrations of the anion, particularly for the S-O and C–H stretching modes [12]. Furthermore, the broadening of bands between 2200-3200 cm−1 reveals an effective hydrogen-bonded network in PIL-5 [13]. Also, the presence of wide O-H stretching bands between 3400 and 3500 cm−1 suggests that the samples consist of some moisture content. It is also corroborated by the data sheet of the samples, which specifies that this samples have less than one percent of moisture.
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Figure S1: Chemical structure of the SPEEK polymer and the various protic ionic liquids (PILs).
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Figure S2: FTIR spectrum of Pure SPEEK membrane [image: ]
Figure S3: FTIR spectrum of PIL-1 (2-hydroxyethylammonium formate)
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Figure S4: FTIR spectrum of PIL-2 (Diethylmethylammonium triflate)
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Figure S5: FTIR spectrum of PIL-3 (1-Ethylimidazolium bis(trifluoromethylsulfonyl)imide)
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Figure S6: FTIR spectrum of PIL-4 (1,2-Dimethylimidazolium bis(trifluoromethylsulfonyl)imide)
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Figure S7: FTIR spectra of PIL-5 (Diethylmethylammonium methanesulfonate)


Table S1: Assignment of functional groups of PIL-3 and PIL-4 (1-Ethylimidazolium bis(trifluoromethylsulfonyl)imide and 1,2-Dimethylimidazolium bis(trifluoromethylsulfonyl)imide). 

	Vibrational modes
	Wavenumber (cm−1)
	References

	Asymmetric CF3 bending group
	571
	[7] [8] [9] [10] [11]

	CF3 symmetric stretching
	1235
	

	Asymmetric SO3 bending group
	650
	

	SO2 symmetric stretching
	1134
	

	Symmetric CF3 bending group
	754
	

	SO2 asymmetric stretching, ring in-plane symmetric stretching butyl chain stretching, CH2 (N)
	1330
	

	CH3 (N) CN stretching ring out of plane asymmetric bending, 
	615
	

	Ring in-plane bending, CH2 (N) and CH3 (N) CN bend, CF3 asymmetric bend, ring in-plane HCCH
	741
	

	Ring HCCH asymmetric bend SNS symmetric stretching
	763
	

	Ring HCCH asymmetric bend, CS stretching
	791
	

	Ring NC(H) N CH, bend, CCH bending
	855
	

	Ring in-plane asymmetric stretching, CH2 (N) and NCH3 twist, SNS asymmetric stretching
	1058
	

	C-C stretching, ring in-plane symmetric, stretching
	1084
	

	Ring in-palne symmetric stretching, CH2 (N) and CH3 (N) CN stretching, SO2 asymmetric stretching, CC stretching
	1350
	

	C=C and C–F stretching vibration
	1409
	

	CH3 (N) HCH symmetric bend, terminal CH3, HCH asymmetric bend
	1451
	

	Ring in-plane asymmetric stretching, CH3 (N) CN stretching
	1470
	

	Ring in-palne symmetric/asymmetric stretching, CH2 (N) and CH3 (N) CN stretching
	1580
	

	C2–H stretching 
	3117
	

	In-plane and out of plane C4,5– H stretching
	3159
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Figure S8: XRD pattern of the SPEEK-PIL2 composites membrane sample.
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Figure S9. Nyquist plot of the composite PEM with different loading of PIL-2 at (a) 50 C and (b) 120 C. 
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