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Abstract: This paper presents the IR-spectroscopy investigation of interaction between polymer proton-

conducting membranes (Nafion
®
 brand) and various solvents. The solvent effect on the formed membrane 

structure is determined. The advantages of saturating membranes with methanol vapors over dipping into 

water/water-methanol mixture for membrane properties as a solid polymer electrolyte in the fuel cell are 

shown. An original method of feeding methanol vapors to a fuel cell by a hydrogen flow is proposed. 
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Introduction 

 

One of the major components of 

electrochemical devices with a solid polymer 

electrolyte is a proton exchange membrane 

(PEM). The DuPont’s Nafion® membrane is 

most in demand as a polymer electrolyte. By its 

nature, this membrane is a perfluorinated 

polymeric sulfonic acid. It has a low ionic 

resistance, high mechanical strength and high 

chemical resistance. However, this type of 

membrane also has a number of disadvantages. 

The membrane is most effective as a solid  

polymer electrolyte only if it is highly saturated 

with a solvent (water or water-alcohol mixture), 

which ensures the formation of proton- 

conducting channels inside its structure. Some 

of the publications consider the effects of water 

[1-3] and methanol [4] on the structure of 

membranes. Note that the standard method of 

dipping in a liquid solution is used to saturate 

the membranes. However, the effect of the 
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solvent on the formed channels structure (the 

efficiency of proton conduction) in the case of 

using the solvent vapor to saturate membranes 

has not been properly studied. For fuel cells 

(FC) with direct alcohols (methanol) oxidation, 

a cross-over effect is also observed. This is 

associated with methanol diffusion to the 

cathode side of the device. The methanol flow 

through the membrane leads to a significant 

decrease in the performance of the 

electrochemical device. Also, attempts are being 

made to optimize the content of methanol in the 

fuel mixture to reduce this effect. The 

advantages of using 10 wt. % methanol 

solutions are shown in [5]. A partial strength 

reduction and dissolution of Nafion
®

 

membranes used as an electrolyte in FC with 

direct alcohols oxidation are investigated in 

water-methanol mixtures at various 

temperatures (up to 80 °C) [6]. 

From the perspective of the development of 

hydrogen energy and expansion of the scope of 

application of electrochemical devices, it 

appears important to improve reliability of their 

operation at subzero temperatures. In this case 

preference is given to FC with direct methanol 

oxidation (DMFC), which are more resistant to 

solvent solidification in the membrane volume 

at subzero temperatures. Studies of DMFC have 

shown advantages for the electrochemical 

performance of the devices when methanol is 

fed into the membrane electrode assembly 

(MEA) in vapor form as compared to liquid 

form. In the former case the performance of the 

device rises and that of the cross-over effect 

reduces [7, 8]. When methanol vapor is used, 

these processes can be significantly reduced or 

even prevented. Recently, researchers have been 

actively considering a new strategy for the use 

of hydrogen-air fuel cells at subzero 

temperatures, wherein resistance of the MEA to 

subzero temperatures is ensured by feeding 

alcohol vapor into the MEA volume as 

antifreeze [9, 10] as against standard methods of 

drying the MEA [11–25]. The addition of the 

antifreeze doubles the service life under 

conditions of subzero temperatures [9]. 

However, causes and mechanisms of these 

effects in regard to the membrane structure and 

properties are not currently reported. 

In this work we study an interaction between 

various solvents (water/water-methanol 

mixture) and a Nafion
®
 polymer proton 

conductive membrane. A comparative study of 

the interaction between membrane structure and 

methanol in the liquid and vapor phase is 

conducted. The advantages of feeding methanol 

vapor to the MEA are shown. IR spectroscopy is 

chosen as the main research method. 

 

Material and methods 

   

Preparation of samples 

   The paper considers the effect of solvents on 

the Nafion
®
 membrane structure (two brands: 

Nafion
®
115 with a thickness of 127 µm and 

Nafion
®
212 with a thickness of 50 µm). The 

membranes are saturated with a solvent from the 

vapor/liquid phase. 

   The saturation time of the membranes 

immersed in liquid (water/water-methanol 

mixture) was 20 minutes, which is sufficient to 

stabilize the membrane structure [4]. Further 

saturation did not have a significant effect on 

changes in the membrane structure. A 10 wt. % 

methanol water solution was used. 

   The membranes were saturated with 

methanol vapor in a closed cell. Hydrogen was 

used as a carrier gas. The carrier gas was 

humidified by passing through the volume of 

water-methanol mixture at 50º. The saturation 

time was 1 hour, which ensured stability of the 

methanol content in the volume of saturated 

membranes. A 10 wt. % methanol water 

solution was used.  

   Research 

   The Nicolet iS5 FTIR spectroscopy complex 

was used. The effect of methanol on the 

membrane structure is associated with the IR 

spectral lines listed below. 3220 – 3450 cm
-1

 

lines correspond to the stretching of the O-H 

water and methanol group. 2840 – 2960 cm
-1

 

lines correspond to the stretching of the C-H 

methanol group. The peak at 1636 – 1646 cm
-1 

lines
 
corresponds to the vibration of the О-Н 

methanol group. The shift of the peaks towards 

higher wave numbers shows that a greater 

number of methanol molecules interact with the 
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hydrophobic domain in the Nafion
®
 membrane 

structure. The peak at 1200 cm
-1

 line for the dry 

membrane corresponds to vibrations of the -

SO3
-
 and -CF2 groups. When methanol is added, 

the peak shifts towards higher wavenumbers, 

indicating the interaction of methanol and the 

hydrophilic/hydrophobic domains. The peak at 

1056 cm
-1 

line corresponds to the vibrations of 

the -SO3
-
 group. The shift of the peaks towards 

lower wavenumbers (line 1055 cm
-1

) indicates 

the interaction of the hydrophilic groups and 

methanol molecules. The peak size at 1015 cm
-1

 

line increases with increasing methanol 

concentration. The peak at 803 cm
-1

 line 

corresponds to the stretching of the C-S bond 

due to the interaction of the structure with 

methanol.

 

Results and discussion 

   

Fig. 1 (A and B) shows the IR-spectra of the 

investigated membrane samples. No effect of 

the membrane thickness on the results was 

observed. The free-state moisture content in the 

membranes saturated from the liquid phase (Fig. 

2: lines 3220-3450 cm
-1

) is identical to both 

water and water-methanol mixtures, and higher 

than in the membranes saturated from the gas 

phase. Thus the use of a water-methanol 

mixture increases the total moisture capacity of 

the membrane by no greater than 15%, which 

was shown earlier [5]. The moisture capacity of 

a membrane saturated in a 10 wt. % water-

methanol mixture is 25.6 wt. % versus 22.4 wt. 

% for saturation in water. The characteristic 

peaks of free methanol are reflected by 2840–

2960 cm
-1

 lines (Fig. 2) and 1015 cm
-1

 line (Fig. 

3) of the spectrum. The content of free methanol 

in the membrane is maximal for membranes 

saturated with a water-methanol mixture from 

the liquid phase. There are no characteristic 

methanol peaks (2840–2960 cm
–1

 and 1015 cm
–

1
) in the spectrum of the membrane saturated 

with water (Figs. 2 and 3). A reduction in the 

amount of free moisture in the membranes 

volume has a positive effect on their integrity at 

solidification under subzero temperatures [5].

 

 

 
 

A                      B 

 

Fig. 1. IR-spectra of Nafion
®
 212 (A) and 115 (B) membranes saturated in different conditions: 1 

– dipping in water, 2 – dipping in water-methanol mixture, 3 – saturation with methanol vapor. 
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A       B 

Fig. 2. IR-spectra fragments in the range from line 1500 to 4000 cm
-1

 for Nafion
®
 212 (A) and 115 

(B) membranes saturated in different conditions: 1 – dipping in water, 2 – dipping in water-

methanol mixture, 3 – saturation with methanol vapor. 

 

 
 

    A       B 

Fig. 3. IR-spectra fragments in the range from line 700 to 1300 cm
-1

 for Nafion
®

 212 (A) and 115 

(B) membranes saturated in different conditions: 1 – dipping in water, 2 – dipping in water-

methanol mixture, 3 – saturation with methanol vapor. 

    

When considering the peaks characterizing the 

interaction between methanol and hydrophilic 

domain of the membranes (Fig.3: 1056 cm
-1

 and 

803 cm
-1 

lines), there is observed an increase in 

the peak intensity for membranes saturated with 

water-methanol mixture from the vapor phase 

compared to saturation from the liquid phase, as 

well as their greater displacement relative to the 

peaks corresponding to the membrane saturated 

with water. This point to a greater amount of 

methanol associated with the membrane 

structure in hydrophilic domains upon saturation 

with methanol vapor, which leads to domain 

stretching and growth of proton conductive 

channels size. This effect reduces the ohmic and 

polarization resistance of the membrane as a 

part of an electrochemical device [26]. 

    In the region characterized by the 

interaction between methanol and hydrophobic 

structure of Nafion
®
 membranes (Fig. 2: 1636–

1646 cm
-1

 lines and Fig. 3: 1200 cm
-1

 line), a 

greater peak shift is observed for membranes 
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saturated by dipping into the liquid phase. The 

predominant distribution of methanol over the 

hydrophobic domain leads to its flow across the 

membrane and the cross-over effect, which 

adversely affects the performance of the FC [5]. 

When water-methanol mixture vapor is used for 

saturating the membrane, this process is not 

observed. In this way, the cross-over effect is 

reduced. Our results are confirmed by earlier 

studies of FCs with direct methanol oxidation 

[7, 8] where the authors conclude that the 

methanol cross-over effect across the membrane 

is reduced when methanol vapor is used. 

       The use of the method of saturating the 

membrane with water-methanol mixture from 

vapor phase with a hydrogen flow reduces the 

amount of free water/methanol in the pores and 

increases the binding of water/methanol in the 

hydrophilic domains of the membrane, which 

contributes to the stretching of the S-C chains in 

the membrane structure. This leads to an 

increase in the size of the channels, an increase 

in the proton conduction efficiency, and a 

decrease in the ohmic resistance of the 

membrane. Methanol redistributes between the 

hydrophobic matrix of the membranes and 

hydrophilic domains, evenly distributing 

throughout their volume without accumulating 

in pores. Also, the presence of methanol 

associated with the hydrophobic domain leads 

to the membrane swelling and an increase in the 

distance between polymer chains compared to 

the aqueous phase, which makes the polymer 

material more elastic. This has a positive effect 

on the spatial arrangement of chains of the 

hydrophobic matrix of the membrane at the 

solidification temperatures of the solvent, 

providing a high degree of polymer relaxation 

and preservation of its integrity under subzero 

temperatures, in particular during freeze-thaw 

cycling [5]. 

 

Conclusions 

 

     In this work, the effect of the solvent on the 

membrane structure is determined by the IR 

spectroscopy. The advantages of using methanol 

vapor as compared to dipping into water/water-

methanol mixture for the properties of the 

membrane as a solid polymer electrolyte in the 

fuel cell are shown. There is observed a 

decrease in free solvent capable of solidifying 

under subzero temperatures. The amount of 

methanol associated with the membrane 

hydrophobic domain reduces. This reduces the 

cross-over effect of methanol across the 

membrane to the cathode region. The methanol 

content in the hydrophilic domains of the 

membrane increases, providing for the growth 

of the size of proton conductive channels. An 

original method for supplying methanol vapor 

to a fuel cell with a hydrogen flow is proposed. 

 

CRediT authorship contribution statement 

D.D. Spasov: Conceptualization, Methodology, Investigation, Writing. R.M. Mensharapov: 

Conceptualization, Methodology, Investigation, Writing. N.A. Ivanova: Conceptualization, 

Supervision, Investigation, Writing. 

 

Declaration of competing interest 

The authors declare that they have pursued no competing financial interests or personal 

relationships that could have appeared to influence the work as shown in this article.  

 

Acknowledgements 

This work was supported by the National Research Center "Kurchatov Institute" according to the 

thematic plan 6.8 "Autonomous start-up of a battery of fuel cells with a solid polymer electrolyte 

under conditions of subzero ambient temperatures" (Applied research 0112) by order of August 18, 

2022 No. 2174 "Applied work and research in the field of ensuring radiation safety and elimination 

of radiation legacy at nuclear facilities”. 

 

 



302                                                           D.D. SPASOV et al. 

CHEMICAL PROBLEMS 2022 no. 4 (20)  

References 

 

1. Eastman S.A., Kim S., Page K.A., Rowe 

B.W., Kang S., Soles C. L., & Yager K. G. 

Effect of confinement on structure, water 

solubility, and water transport in Nafion thin 

films. Macromolecules. 2012,  vol. 45 (19), 

pp. 7920-7930. 

https://doi.org/10.1021/ma301289v 

2. Kim M.H., Glinka C.J., Grot S.A., Grot W.G. 

SANS study of the effects of water vapor 

sorption on the nanoscale structure of 

perfluorinated sulfonic acid (NAFION) 

membranes. Macromolecules. 2006, vol. 39 

(14), pp. 4775-4787. 

https://doi.org/10.1021/ma060576u 

3. Page K.A., Rowe B.W., Masser K.A. Faraone 

A. The effect of water content on chain 

dynamics in nafion membranes measured by 

neutron spin echo and dielectric 

spectroscopy. J. Polym. Sci., Part B: Polym. 

Phys. 2014, vol. 52 (9), pp. 624-632. 

https://doi.org/10.1002/polb.23457 

4. Tsai C.E., Hwang B.J. Intermolecular 

interactions between methanol/water 

molecules and Nafion™ membrane: an 

infrared spectroscopy study. Fuel cells, 2007, 

vol. 7 (5), pp. 408-416. 

https://doi.org/10.1002/fuce.200700002 

5. Ivanova N.A., Spasov D.D., Grigoriev S.A., 

Kamyshinsky  R.A., Peters G.S.  

Mensharapov R.M., Fateev V.N.  On the 

influence of methanol addition on the 

performances of PEM fuel cells operated at 

subzero temperatures. Int. J. Hydrogen 

Energy. 2021, vol. 46 (34), pp. 18116-18127. 

https://doi.org/10.1016/j.ijhydene.2020.09.19

5 

6. Siroma Z, Fujiwara N, Ioroi T, Yamazaki S, 

Yasuda K, Miyazaki Y., Dissolution of 

Nafion® membrane and recast Nafion® film 

in mixtures of methanol and water. J. Power 

Sources. 2004,  vol. 126,  pp. 41-25. 

https://doi.org/10.1016/j.jpowsour.2003.08.0

24 

7. Mallick R.K., Thombre S.B., Shrivastava 

N.K. Vapor feed direct methanol fuel cells 

(DMFCs): A review.  Renew. Sustain. 

Energy Rev., 2016, vol. 56, pp. 51–74. 

https://doi.org/10.1016/j.rser.2015.11.039 

8. Kim H. K. Passive direct methanol fuel cells 

fed with methanol vapor. J. Power Sources, 

2006, vol. 162 (2), pp. 1232–1235. 

https://doi.org/10.1016/j.jpowsour.2006.08.0

06 

9. Knorr F., Sanchez D.G., Schirmer J., 

Gazdzicki  P., Friedrich K. A.  Methanol as 

antifreeze agent for cold start of automotive 

polymer electrolyte membrane fuel cells.  

Applied Energy, 2019, vol. 238, pp. 1-10. 

https://doi.org/10.1016/j.apenergy.2019.01.0

36 

10. Voloshchenko G.N., Zasypkina A.A.,  

Spasov D.D. Model Study of a Cold Start 

of a Power Plant Based on a Polymer 

Electrolyte Membrane Fuel Cells in the 

Conditions of Arctic Temperatures. 

Nanotechnologies Russ., 2020, vol. 15 (3–

6), pp. 326–332. 

https://doi.org/10.1134/S199507802003015

5  

11. Xian L., Xiao J., Li Q., Jia J.  Study on cold-

start modeling of proton exchange 

membrane fuel cell. Taiyangneng 

Xuebao/Acta Energiae Solaris Sin. 2011, 

vol. 32 (12), pp. 1857–1863. 

12. Meng H. A PEM fuel cell model for cold-

start simulations.  J. Power Sources, 2008,  

vol.178(1), pp. 141-150. 

https://doi.org/10.1016/j.jpowsour.2007.12.

035 

13. Lin R., Weng Y., Lin X., Xiong  F.  Rapid 

cold start of proton exchange membrane 

fuel cells by the printed circuit board 

technology.  Int. J. Hydrogen Energy, 2014, 

vol. 39(32), pp. 18369-18378. 

https://doi.org/10.1016/j.ijhydene.2014.09.0

65 

14. Li L., Wang,S., Yue L., Wang G. Cold-start 

icing characteristics of proton-exchange 

membrane fuel cells. Int. J. Hydrogen 

Energy, 2019, vol. 44(23), pp. 12033-

12042. 

https://doi.org/10.1016/j.ijhydene.2019.03.1

15 

15. Amamou A., Kandidayeni M., Boulon L., 

Kelouwani S. J. A. E.  Real time adaptive 

efficient cold start strategy for proton 

exchange membrane fuel cells. Applied 

https://doi.org/10.1134/S1995078020030155
https://doi.org/10.1134/S1995078020030155
https://doi.org/10.1016/j.ijhydene.2019.03.115
https://doi.org/10.1016/j.ijhydene.2019.03.115


                                            IR SPECTRA STUDY: ADVANTAGES OF                                   303 

                                                                                        CHEMICAL PROBLEMS 2022 no. 4 (20)  

Energy, 2018, vol. 216, pp. 21-30.  

https://doi.org/10.1016/j.apenergy.2018.02.

071 

16. Lin R., Zhu Y., Ni M., Jiang Z., Lou D., 

Han L.,  Zhong  D. Consistency analysis of 

polymer electrolyte membrane fuel cell 

stack during cold start. Applied Energy. 

2019, vol. 24,  pp. 420-432. 

https://doi.org/10.1016/j.apenergy.2019.03.

091 

17. Zhan Z., Yuan C., Hu Z., Wang H., Sui P. 

C., Djilali N., Pan M. Experimental study 

on different preheating methods for the 

cold-start of PEMFC stacks. Energy, 2018, 

vol. 162, pp. 1029-1040. 

https://doi.org/10.1016/j.energy.2018.08.00

3 

18. Ramadhas A. S.,  Xu H. Influence of coolant 

temperature on cold start performance of 

diesel passenger car in cold environment. 

SAE Technical Paper. 2016, 2016-28-0142. 

https://doi.org/10.4271/2016-28-0142 

19. Meng H.,  Ruan B.  Numerical studies of 

cold‐start phenomena in PEM fuel cells: A 

review, International.  Journal of Energy 

Research, 2011, vol. 35(1), pp. 2-14. 

https://doi.org/10.1002/er.1730 

20. Luo Y., Jia B., Jiao K., Du Q., Yin Y., 

Wang H.,  Xuan J. Catalytic hydrogen–

oxygen reaction in anode and cathode for 

cold start of proton exchange membrane 

fuel cell. Int. J. Hydrogen Energy. 2015, 

vol. 40(32), pp. 10293-10307. 

https://doi.org/10.1016/j.ijhydene.2015.06.0

94 

21. Jiao K.,  Li X. Effects of various operating 

and initial conditions on cold start 

performance of polymer electrolyte 

membrane fuel cells. Int. J. Hydrogen 

Energy, 2009, vol. 34(19), pp.   8171-8184. 

https://doi.org/10.1016/j.ijhydene.2009.07.1

02 

22. Xie X., Zhang G., Zhou J., Jiao K. 

Experimental and theoretical analysis of 

ionomer/carbon ratio effect on PEM fuel 

cell cold start operation. Int. J. Hydrogen 

Energy. 2017, vol. 42(17),  pp. 12521-

12530. 

https://doi.org/10.1016/j.ijhydene.2017.02.1

83 

23. Amamou A. A., Kelouwani S., Boulon L.,  

Agbossou K. A comprehensive review of 

solutions and strategies for cold start of 

automotive proton exchange membrane fuel 

cells. IEEE Access, 2016,  vol.4,  pp. 4989-

5002. DOI: 

10.1109/ACCESS.2016.2597058 

24. Du, Q., Jia, B., Luo, Y., Chen, J., Zhou, Y., 

& Jiao, K., Maximum power cold start 

mode of proton exchange membrane fuel 

cell. Int. J. Hydrogen Energy, 2014,  vol. 

39(16),  pp.  8390-8400. 

https://doi.org/10.1016/j.ijhydene.2014.03.0

56 

25. Amamou A., Boulon L., Kelouwani S. 

Comparison of self cold start strategies of 

automotive Proton Exchange Membrane 

Fuel Cell, In 2018 IEEE International 

Conference on Industrial Technology 

(ICIT) (2018) 904-908. DOI: 

10.1109/ICIT.2018.8352298 

26. Ivanova N.A., Spasov D.D., Mensharapov 

R.M., Kukueva E.V., Zasypkina A.A., 

Fateev V. N., Grigoriev S.A. Efficient and 

stable subzero operation of a PEM fuel cell 

with a composite anode using hydrogen-

methanol composition during freeze/thaw 

cycles. Int. J. Hydrogen Energy. 2022, 

https://doi.org/10.1016/j.ijhydene.2022.05.2

98 

 

 

ИК-СПЕКТРОМЕТРИЯ: ПРЕИМУЩЕСТВА ПОДАЧИ ПАРОВ МЕТАНОЛА ДЛЯ 

СТРУКТУРЫ МЕМБРАН NAFION
® 

Д.Д. Спасов
1,2

,  Р.М. Меншарапов
1
, Н.А. Иванова

1
, В.Н. Фатеев 

1
 Национальный исследовательский центр «Курчатовский институт»,  

123182 Россия, Москва, пл. Академика Курчатова, д. 1 
2
 Национальный  исследовательский  университет “Московский энергетический институт”, 111250, 

г. Москва, муниципальный округ Лефортово, ул. Красноказарменная, д.14, стр. 1. 

 



304                                                           D.D. SPASOV et al. 

CHEMICAL PROBLEMS 2022 no. 4 (20)  

 

Аннотация: В работе методом ИК-спектроскопии исследовано взаимодействие различных 

растворителей с полимерной протонпроводящей мембраной марки Nafion
®
. Установлено 

влияние растворителя на структуру мембраны. Показаны преимущества использования 

паров метанола по сравнению с водой/метанолом в жидкой фазе для свойств мембраны в 

качестве твердого полимерного электролита в составе ячейки топливного элемента. 

Предложен оригинальный способ подачи паров метанола в ячейку с потоком водорода. 

Ключевые слова: мембрана, твердый полимерный электролит, пары метанола, ИК-

спектроскопия, водород 
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Xülasə: Bu işdə müxtəlif həlledicilərin Nafion® markalı polimer proton keçirici membranı ilə 

qarşılıqlı təsiri İQ spektroskopiya metodu ilə tədqiq edilmişdir. Həlledicinin membran quruluşuna 

təsiri müəyyən edilmişdir. Yanacaq hücrəsinin tərkibində bərk polimer elektrolit kimi membranın 

xassələri üçün maye fazada su/metanol ilə müqayisədə metanol buxarının istifadəsinin üstünlükləri 

göstərilmişdir. Hidrogen axını olan hücrəyə metanol buxarının verilməsi üçün orijinal üsul təklif 

olunur. 

Açar sözlər: membran, bərk polimer elektrolit, metanol buxarı, İQ-spektroskopiya, hidrogen 


