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Novel composite membranes of triazole modified graphene oxide 

and polybenzimidazole for high temperature polymer electrolyte 

membrane fuel cell applications 

Jingshuai Yang, Chao Liu, Liping Gao, Jin Wang, Yixin Xu, Ronghuan He* 

Simultaneously improving the proton conductivity and mechanical property of the polymer electrolyte, especially to 

phosphoric acid doped membranes, is a challenge for preparation of membrane materials in application in the proton 

exchange membrane fuel cells. We prepared a novel composite membrane by introducing triazole functionalized graphene 

oxide into the polybenzimidazole for using as the high temperature proton exchange membrane. Increases in both proton 

conductivity and tensile strength were achieved by the composite membrane compared with the pure PBI membrane after 

doped with phosphoric acid. The triazole modified graphene oxide could disperse well in the polar organic solvent, which 

resulted in easy fabrication of the homogeneous membranes. The proposed material is of a demonstration for designing 

and preparing inorganic composite polymer electrolytes with superior properties.

1. Introduction 

High temperature proton exchange membranes (HT-PEMs) 

have attracted much attention due to the technical advantages 

for practical utilization of proton exchange membrane fuel 

cells (PEMFCs), such as high reaction kinetics at both anode 

and cathode, less catalyst poisoning at the anode, and easy 

heat and water managements of the stacks.
1,2 

Among HT-

PEMs, phosphoric acid (PA) doped polybenzimidazole (PBI) is 

the most attractive one since the doped PA allows the 

membrane to achieve high proton conductivity at 

temperatures above 100
o
C without humidification,1

, 3 , 4
 

although various sulfonated PBIs
5,6

 have also been proposed as 

proton conducting membranes. Normally, the conductivity of 

PBI/PA membranes highly depends on the acid doping level 

(ADL, the mole number of PA per mole PBI repeat unit), and 

can be significantly improved by increasing the PA content of 

the membranes.
7
 However, a very high PA acid content brings 

a significant deterioration in the mechanical strength of the 

electrolyte due to the plastic effect of the doping PA
8,9

, 

especially at elevated temperatures.  

In order to improve the mechanical properties of PBI based 

HT-PEMs, the composite PBI membranes have been developed 

by incorporating of inorganic fillers such as nano silica,
10-13

 

titanium,
14

 clay compounds
15

 and nano carbon materials
16-19

. 

Generally, the dispersion of the inorganic fillers and the 

compatibility of the membrane components significantly affect 

the properties of the composite membranes in terms of e.g. 

dimensional stability, mechanical properties and gas 

permeability. In addition, most of the reported PBI composite 

membranes with inorganic fillers show reduced proton 

conductivities as the presence of inorganic materials dilutes 

the concentration of proton-conducting groups.
11

 To improve 

the compatibility of inorganic fillers and polymers for 

homogeneous membranes, approaches including modification 

of inorganic fillers with various organic groups and use of nano 

scale inorganic materials have been reported. 

Graphene oxide (GO), which is exfoliated from graphite 

oxide nanoplatelets, has attracted increasing attention these 

years, mainly due to its advantages of excellent mechanical 

properties, large specific surface area, and low cost.
20

 It was 

recently reported that GO sheets exhibited proton 

conductivities as high as 10
-2

 S cm
-1

 because of the presence of 

the hydrophilic oxygen-containing groups attached to the 

graphene sheets.
21

 Those groups include carboxylic acid and 

epoxy oxygen, which could facilitate hopping of protons 

through hydrogen-bonding networks in association with water 

molecules. This investigation motivated us to construct GO 

assistant proton conducting networks in PBI/PA membranes 

and meanwhile to improve the tensile strength of PBI 

membranes. However, the poor degree of dispersion of GO in 

organic solvents results in a difficulty for forming a 

homogeneous composite membrane. As previously reported, 

modifications of GO via grafting various organic groups on the 

surface of its structure have been proved as the effective 

method to improve the compatibility between GO and the 

polymer matrix. The organic compounds, such as 3-

mercaptopropyl trimethoxysilane,
22

 1-aminopropyl-3-methyl-

imidazole
23

, p-aminobenzene sulfonic acid
24

, ionic liquid 
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polymer
25

and polydopamine
26

et al., were proposed to 

organically modify GO through a nucleophilic reaction 

between the epoxy group in GO and the amine group in 

organics. 

In the present work, triazole modified graphene oxide 

(MGO) was synthesized and used as the filler to fabricate PBI 

composite membranes. We presumed that the presence of the 

triazole groups could help the MGO to uniformly disperse in 

the composite membrane for an enhanced tensile strength. 

Meanwhile, the grafted triazole groups were supposed to 

benefit the proton conduction by forming hydrogen-bonding 

networks with PA. Thus novel composite PBI membranes with 

the MGO were expected to achieve excellently comprehensive 

properties as the membrane electrolyte at elevated 

temperatures. 

2. Experimental 

2.1 Synthesis of GO and MGO 

GO was prepared by oxidation of the graphite powder 

(purchased from Sigma-Aldrich) with a modified Hummers’ 

method and the product was purified by centrifugation.
27

 

MGO was synthesized by introducing 3-amino-1,2,4-triazole 

(Am-Tri, Sigma-Aldrich) onto graphene oxide via an epoxide 

ring-opening reaction or a neutralization reaction with 

carboxylic acids according to the similar rout previously 

reported,
28,29

 as shown in Fig. 1. Typically, in 500 mL round 

bottom flask, 100 mg of GO was homogeneously dispersed in 

200 mL of deionized water. Then 200 mg 3-amino-1,2,4-

triazole and 200 mg KOH were added, followed by 

ultrasonication for 1 h. The mixture was transferred to an oil 

bath for refluxing at 80 
o
C for 24 h under stirring to obtain a 

homogeneous black solution as shown in Fig. 1. After 

centrifugation at 5000 r min
-1

 for 30 min, the resulted solution 

was transferred to a dialysis bag and neutralized by dialysis 

with neutral water for 7 d. The black powder of MGO was 

obtained after drying under vacuum at room temperature for 

7 d. 

 

Fig. 1 Schematic of the preparation process of MGO and PBI 

based composite membranes; and photos of GO and MGO 

aqueous solutions as well as PBI based composite membranes 

2.2 Preparation of composite membranes and acid doping 

The PBI polymer having a molecular weight of around 37 kg 

mol
-1

 was synthesized according to a previously reported 

procedure.
30

 The prepared PBI polymer and MGO powder 

were dissolved in N,N-dimethylacetamide (DMAc) with a 

concentration of 2 wt%, respectively. The two solutions were 

mixed with a MGO mass percent of 1.2% and then 

ultrasonicated for 2 h. The mixture of PBI and MGO was 

poured onto a Petri dish, followed by drying at 80 
o
C for 3 h 

and at 120 
o
C for 21 h. The resulting membranes were then 

peeled off and soaked in deionized water at 80 
o
C for 1 h and 

further dried at 180
o
C for 2 h. For comparison, pristine PBI and 

PBI with GO membranes were prepared similarly. For acid 

doping, membranes were imbibed with phosphoric acid in 80 

or 85 wt% PA solutions at room temperature for one week. 

The ADL was calculated from the mass gains of the membranes 

after the acid doping procedure and defined as the mole 

number of PA per mole of PBI repeat unit, taking into account 

of no absorption of PA in organic fillers. 

2.3 Characterizations and fuel cell measurement 

The Fourier transform infrared spectra (FT-IR) of GO and MGO 

were recorded with a Bruker VERTEX70 spectrometer to 

identify characteristic groups in their structures. The XPS was 

made using a Thermo ESCALAB 250Xi system with Al Kα 

radiation. The shift of the binding energy due to relative 

surface charging was corrected using the C 1s level at 284.8 eV 

as an internal standard. The thermal properties of inorganic 

materials (GO and MGO) and membranes (PBI and PBI/MGO) 

were evaluated by thermogravimetric analysis (TGA, HT/808, 

METTLER-TOLEDO), in air and N2 atmosphere with a heating 

rate of 10 oC min-1, respectively. The morphology of GO and 

MGO was observed by transmission electron microscopy (TEM, 

JEM 1200EX, Japan). The surface and cross section of 

membranes were observed on a scanning electron microscopy 

(SEM, Ultra Plus). A method of four-probe (made of platinum) 

was used to determine the conductivity of the membranes, 

using alternative current with a frequency of ca 2 kHz. The 

mechanical strength of the membranes was measured with a 

tensile strength instrument (CMT6502, SANS Company, China). 

The measurements on conductivity and mechanical strength 

were performed under non humidification. 

The membrane-electrode assemblies (MEAs) with an active 

electrode area of 6.25 cm2 were fabricated at a temperature of 

150 oC and a pressure of 2 MPa for duration of 5 min. The 

electrode was prepared according to the previous work,9 and 

the platinum loading was about 0.6 mg cm-2 for each 

electrode. Hydrogen and oxygen at flow rates of 120 and 60 

mL min-1, respectively, were supplied to the fuel cell without 

any pre-humidification. Polarization curves were obtained 

using a current step potentiometry. 

3. Results and discussion 

3.1. Synthesis of GO and MGO 
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GO platelets exhibit chemically reactive oxygenic 

functionalities, such as carboxylic acid groups at their edges, 

and epoxy and hydroxyl groups on the basal planes, according 

to the widely accepted Lerf–Klinowski model.
31

 Due to the 

presence of epoxy groups, nucleophilic substitution of 

epoxides with amino-groups containing molecules towards 

functionalized GO could be achieved. 

 
 

Fig. 2 FTIR (a) and XPS (b) spectra of GO and MGO 

The structural information of GO and MGO was 

determined via FTIR and XPS spectra as shown in Fig. 2. The 

characteristic peaks of the O–H and C=O stretching vibrations 

were observed at 3420 and 1721 cm
-1

 in the spectrum of GO, 

respectively.
25,32 

Compared to the FTIR spectrum of GO, that of 

MGO showed a decreased absorption of C=O stretch at 1721 

cm
-1

 as shown in Fig. 2(a), confirming deoxygenation of the GO 

after the chemical reduction. A new band corresponding to the 

C=N was observed at 1568 cm
-1

 in the spectrum of MGO, 

indicating successful modification of the GO. For comparison, 

the FTIR spectrum of the Am-Tri is also shown in Fig. 2. The 

adsorption of N–H at around 3330 cm
-1

 appeared in the 

spectra of both MGO and Am-Tri, which confirmed the 

reaction between GO and Am-Tri as well. Fig. 2b provides the 

XPS spectra of GO and MGO from 0 to 1100 eV. Besides the 

notable peaks at binding energy of 285 eV for C 1s and 531 eV 

for O 1s, a new peak at around 401 eV originating from 

triazolegroups
 
was observed in the spectrum of

 
MGO.

29
 In 

addition, the TGA data also proved that triazole was 

introduced onto the GO structure as seen in Fig. S1 (ESI). The 

weight loss of the MGO at around 200 
o
C was obviously lower 

than that of the GO, indicating a decreased amount of 

oxygenated functional groups.
26,29

 

The nanosheet structure and morphology of GO and MGO 

were further investigated by TEM images as displayed in Fig. 3. 

TEM analysis (Fig. 3(a) and (b)) showed that the pristine 

graphene oxide nanosheets appeared relatively flat with some 

wrinkles, which is consistent with the typical morphology 

reported in the literature.
22,28

 After reacted with triazole, MGO 

still maintained the shape of thin sheets as well.
 

  

Fig. 3 TEM images of GO (a) and MGO (b) 

3.2. Preparation of PBI based composite membranes 

Generally GO has a poor dispersion in common organic 

solvents. Nevertheless, MGO has a good dispersion in DMAc 

and exhibits an excellent compatibility with PBI. As seen from 

the photographs in Fig. 1, MGO in the PBI/MGO membrane 

was well-distributed and the resulted PBI/MGO composite 

membrane was transparent and uniform. However, the 

PBI/GO membrane showed a rough and phase-separated 

appearance. Fig. 4 shows the distribution of the filler in the PBI 

membrane as determined by SEM. No entangled or 

aggregated MGO particles appeared in the SEM images, 

indicating the almost complete and homogeneous dispersion 

of MGO in the PBI matrix. The well dispersed MGO in the 

polymer was obviously due to the chemical affinity of the 

triazole-based groups with the polymer network. Meanwhile, 

the PBI/MGO membrane is essentially non-porous and dense, 

which should minimize hydrogen or oxygen gas crossover 

during fuel cell operation and benefit the fuel cell 

performance. For the PBI/GO membrane, some obvious 

particles appeared on the surface of the PBI/GO membrane as 

seen from Fig. 4 (e) and (f), which should result from the 

aggregation of GO. The weak interaction and inferior 

compatibility between PBI and GO might bring on the micro-

phase separation and the aggregation of GO.
26  
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Fig. 4 SEM images of the pristine PBI (a-surface, b-cross-

section, ×5000), PBI/MGO (c-surface, d-cross-section, ×5000) 

and the PBI/GO (e-surface: ×5000, f-surface: ×10000) 

membranes 

In addition, the thermal stability of membranes was 

identified by TGA as shown in Fig. S1. The almost the same 

TGA curves of the two membranes suggest that the PBI/MGO 

is as thermally stable as the PBI for suitable application at 

elevated temperatures. The mass loss below 200 oC resulted 

from the absorbed water in the membrane. The slightly higher 

mass loss of PBI than that of PBI/MGO below 200 oC is in good 

agreement with the results of water uptake of the membranes 

at 20oC, i.e., 9.9% for PBI and 6.7% for the PBI/MGO 

membrane, respectively.  

3.3. Conductivity and mechanical properties 

The proton conductivities under anhydrous conditions and 

mechanical stress-strain curves at room temperature of acid 

doped pure and composite PBI membranes are shown in Fig. 5, 

respectively. As seen from the Fig. 5 (a), the incorporation of 

MGO sheets into the polymer membranes resulted in a 

considerable increase in the proton conductivity of the 

membranes compared to the PBI membrane under the similar 

ADL of around 12. The triazole groups in MGO could form the 

hydrogen-bonding with the doping acids, which might provide 

effective pathways for proton transfer. Ye et. al. observed 

similar results for graphene-modified protic ionic liquid-based 

composite membranes.
25

 They attribute this improvement on 

ion conductivity to facilitation of ion transport on the external 

surfaces and formation of 3D ion transport channels 

throughout the membrane. In order to know the contribution 

of the introduced Am-Tri on the proton conduction of the 

composite membrane, the same mass percent (1.5%) of Am-

Tri as that of MGO was used to fabricate PBI/Am-Tri/12.0PA 

membranes. As seen in Fig. 5(a), the conductivities of the 

PBI/Am-Tri/12.0PA membrane were obviously lower than 

those of the PBI/MGO/12.2PA membrane, and were 

comparable to those of PBI/12.3PA below 160
 o

C. A slight 

difference in the conductivity was observed between 

PBI/12.3PA and PBI/Am-Tri/12.0PA membranes at 

temperatures from 160 to 180
 o

C, which apparently resulted 

from the small difference in the acid doping level. The results 

indicate that the presence of 1.5% Am-Tri has no significant 

influence on the proton conductivity of the composite 

membrane. However, Am-Tri groups could not only benefit the 

formation of the homogeneous composite membrane as 

discussed above, but also enhance the conductivity of the 

membrane when it was introduced onto GO to form MGO. 

Nevertheless, further investigations are needed to better 

understand the mechanism. The enhancement in the 

mechanical properties of the PBI/MGO composite membranes 

was also observed as shown in Fig. 5(b). The tensile strength, 

elongation and Young’s modulus of PBI/MGO/12.2PA were 

12.6 MPa, 150.1% and 35.7MPa, respectively. The excellent 

reinforcement of mechanical properties for PBI/MGO 

composite membranes could be attributed to the good 

dispersion of MGO sheets in the composite membranes and 

the strong interactions between the MGO and the polymer 

matrix.24-26 

  
(a) (b) 

Fig. 5 Conductivities as a function of temperature (a) and 

tensile stress-strain curves at RT (b) of acid doped PBI and 

PBI/MGO membranes with different ADLs 

The conductivities and mechanical properties of 

PBI/MGO/12.2PA as well as those from literatures are 

summarized in Table 1 for comparison. As seen in Table 1, the 

proton conductivities of PA doped PBI/MGO are significantly 

higher than those of other modified-GO-based composite HT-

PEMs. The superior properties of conductivity and tensile 

strength over those of the pristine PBI membrane indicate that 

the PBI/MGO composite membrane is a suitable candidate for 

use in fuel cells. 

Table 1 Summary of conductivity and mechanical properties of 

HT-PEMs composited with functionalized GO 

Membrane Conductivity 

/S cm
-1

 

Mechanical property 

at RT 

160 
oC 

180 
oC 

Strength 

/MPa 

Elongation 

/ % 

PBI/MGO/ 

12.2PA 

0.129 0.135 12.6 150.1 

PBI/ILGO
a
/ 

3.5PA
23

 

- 0.034 - - 

BuPBI/iGO
b
 

(10%)/PA
33

 

0.025 - - - 

QPEEK
c
/ 

3%FGO/PA
24

 

0.048 0.053 30.0 120.0 

PBI/SGO
d
/ 

PA
18

 

- 0.052 - - 
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a: ionic-liquid-graphite-oxide; b: isocyanate modified 

graphene oxide; c: quaternized poly(ether ether ketone); d: 

sulfonated graphite oxide. 

3.4. Fuel cell performance 

 

Fig. 6 Polarization and power density curves of the fuel cells 

operated at 160 and 180 
o
C with anhydrous H2/O2 under 

atmospheric pressure. Pt loading: 0.6 mg cm
-2

. 

Fuel cell tests based on PA doped PBI/MGO/12.2PA and 

PBI/12.3PA membranes were performed with un-humidified 

H2/O2 at atmospheric pressure as shown in Fig. 6. The open 

circuit voltages (OCVs) of all membranes were at the range of 

0.96-0.97 V. The high OCVs indicated that the membranes 

were densely compacted and thus exhibited the low gas 

crossover, which was already confirmed by the SEM images. 

The fuel cell performance increased as the increase of the 

temperature for all the membranes due to increased 

conductivity and electrode kinetics. The performance of the 

cells based on the PBI/MGO composite membrane was better 

than that of the PBI membrane at the similar ADL of around 

12. For instance, the peak power densities at 180 oC were 537 

mW cm-2 for PBI/MGO/12.2PA and 506 mW cm-2 for 

PBI/12.3PA, respectively. The improved performance was 

mainly attributed to the superior proton conductivity of the 

hybrid membrane. Meanwhile, the open circuit voltage (OCV), 

the cell voltage at a current loading of 600 mA cm-2 and the 

polarization curve of the MEA based on the PBI/MGO/12.2PA 

membrane were recorded at 160 oC and the results are shown 

in Fig. S2. The MEA displayed almost the same fuel cell 

performance at different measurement point, and no obvious 

degradation was observed within the test period. However, it 

should be noted that much longer life time measurement 

should be carried out to evaluate the performance of a 

membrane electrolyte for practical applications in the fuel cell 

setup as reported in literatures.30, 34  In addition, the gas 

diffusion electrode was made using PBI as the catalyst binder, 

which means it was more suitable for the PBI membrane 

rather than the organic-filler composited PBI membrane. Thus, 

it is reasonable to expect better fuel cell performance if the 

electrode structure and MEA fabrication were optimized. In 

addition, studies on the mechanisms of enhancement of the 

properties of the PBI/MGO/PA membrane by MGO and its 

optimized concentration should be made in the future work. 

Conclusions 

Novel PBI composite membranes with well-dispersed triazole-

modified graphene oxide (GO) were prepared. The triazole 

groups were successfully grafted onto the surface of GO 

according to the FTIR, XPS, TGA and TEM results. The modified 

graphene oxide (MGO) by triazole exhibited excellent 

distribution in DMAc and possessed improved compatibility 

with the PBI polymer. The SEM images obviously illustrated 

that PBI/MGO membranes with a MGO percent of 1.2 wt% 

were uniform and homogeneous, while PBI/GO membranes 

were heterogeneous with obvious phase-separation. High 

proton conductivity of 0.135 S cm-1 at 180 oC was achieved by 

the phosphoric acid (PA) doped PBI/MGO membrane. The 

triazole groups in MGO interacted with the doped acid PA to 

form hydrogen bonds, which thus facilitated the proton 

conduction in the composite membrane. The tensile strength 

of the PA doped composite membrane was 12.6 MPa at room 

temperature, which was much higher than that of the PBI 

membrane with a similar ADL of around 12. At 180 oC, the fuel 

cell based on the PBI/MGO/12.2PA membrane achieved a peak 

power density of 537 mW cm-2. The proposed material is of a 

demonstration for designing and preparing composite polymer 

electrolytes with superior properties by introducing inorganic 

fillers like unique MGO. 
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Novel acid-doped membranes possessing 

improved proton conductivity and enhanced 

mechanical properties were prepared from 

polybenzimidazole and triazole modified 

graphene oxide. 
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