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In the present work, a semi-interpenetrating network (semi-IPN) high-temperature proton exchange membrane based on
polyethyleneimine (PEI), epoxy resin (ER), and polybenzimidazole (PBI) was prepared and characterized, aiming at their future
application in fuel cell devices. The physical properties of the semi-IPN membrane are characterized by thermogravimetric
analysis (TGA) and tensile strength test. The results indicate that the as-prepared PEI-ER/PBI semi-IPN membranes possess
excellent thermal stability and mechanical strength. After phosphoric acid (PA) doping treatment, the semi-IPN membranes
show high proton conductivities. PA doping level and volume swelling ratio as well as proton conductivities of the semi-IPN
membranes are found to be positively related to the PEI content. High proton conductivities of 3:9 ∽ 7:8 × 10−2 S cm−1 are
achieved at 160°C for these PA-doped PEI-ER/PBI series membranes. H2/O2 fuel cell assembled with PA-doped PEI-
ER(1 : 2)/PBI membrane delivered a peak power density of 170mWcm-2 at 160°C under anhydrous conditions.

1. Introduction

High-temperature (100-200°C) proton exchange membrane
fuel cells (HT-PEMFCs) have been receiving increasing
attention on account of their advantages over those operated
at lower temperatures, including high tolerance to fuel impu-
rities (e.g., CO and H2S), enhanced activity of the electrocata-
lysts on both anode and cathode, simplified water, and heat
management [1, 2].

After nearly 20 years of development, a series of impor-
tant advances have been made in the research of high-
temperature proton exchange membranes. The research sys-
tem has developed from the early doping modification of
commercial perfluorosulfonic acid-type proton exchange
membranes [3–5] to the present inorganic high-
temperature proton exchange membrane [6–9], phosphoric
acid-doped high-temperature proton exchange membrane

[1, 10–13], phosphonic polymer membrane [14], and other
diverse membrane materials coexist. Phosphoric acid-doped
high-temperature proton exchange membranes, such as
phosphoric acid-doped polybenzimidazole (PBI), exhibit
advantages such as high proton conductivity
(4 × 10−2 ~ 8 × 10−2 S/cm−1 @ 150°C) and good chemical sta-
bility under high temperature, low humidity, or no water
conditions, which has become a research hotspot of high-
temperature proton exchange membrane materials [15, 16],
and are considered as one of the most promising high-
temperature proton exchange membrane materials.

In addition to polybenzimidazole (PBI), there are other
polymers that can be doped with phosphoric acid. As early
as 1992, phospho-doped polyoxyethylene (PEO), polyacryl-
amide (PAAM), polyvinylpyrrolidone (PVP), polyethyleni-
mine (PEI), and other phospho-doped polymer membranes
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were prepared by Lassegues [17], but the proton conductivity
of these membranes was generally not high (lower than 10-
3 S·cm-1 at room temperature). One of the most important
reasons is that the amount of phosphoric acid in the mem-
brane is too low and cannot be effectively increased, because
when the phosphoric acid is too high, these polymers are all
paste due to the plasticization of phosphoric acid and cannot
form a film at all.

Preparation of semi-interpenetrating polymer network
(semi-IPN) is a facile approach to fabricate novel PEMs with
specific and various morphology, enhanced mechanical per-
formance, and reduced membrane swelling [18–20]. Tanaka
et al. [21] prepared PEI-x H3PO4 semi-IPN material by treat-
ing linear polyethylenimine (PEI) with H3PO4 of different
metering ratios. Their proton conductivity at a certain tem-
perature is related to x. When the range of x is extended to
2.5~3.0, the proton conductivity reaches about 10-4 S·cm-1

at 50°C. However, after such amount of phosphate is
absorbed, the semi-IPN material will become a paste. To
solve this problem, the crosslinked PEI (c-PEI) was synthe-
sized by using ethylene glycol diglycidyl ether as the cross-
linking agent and then compounded with H3PO4. No
matter the matrix is PEI or c-PEI, the relationship between
proton conductivity and x is very similar, but in the cross-
linked system, the proton conductivity is smaller.

Loureiro et al. [22] synthesized a semi-interpenetrating
polymer network (semi-IPN) through the reaction of epoxy
resin with 4,4-diamino-diphenylsulfone and polyethyleni-
mine (PEI). The membrane was acidified by two methods:
(i) absorption of H3PO4 from aqueous solution and (ii) sulfo-
nation to form covalently bonded -SO3H. The conductivity
value of the film doped with H3PO4 at 20% concentration
(about 0.08 S cm-1, 80°C) was higher than that of the
sulfonated samples.

The mechanical properties of the materials above, how-
ever, do not satisfy the requirement of PEM fuel cells. In
recent years, various modification methods have been
explored to balance the proton conductivity and mechanical
properties of high-temperature proton exchange mem-
branes. For instance, chemical crosslinking modification is
an effective method to improve the chemical stability,
mechanical properties, and long-term durability of proton
exchange membranes [12, 23–28]. In addition, blending is a
commonly used and effective method to improve the physi-
cal and chemical properties of polymer materials. The new
materials obtained by blending not only have the properties
of the raw materials themselves but also can overcome the
defects of the original materials and produce excellent prop-
erties that cannot be matched by a single material.

In this study, we selected PEI, epoxy resin (ER), and PBI
as constituent components for the new high-temperature
PEM for fuel cells. Branched PEI is a weakly alkaline water-
soluble polymer composed of several N-containing func-
tional groups of primary, secondary, and tertiary amines,
which can provide multiple active sites for crosslinking reac-
tions and sites for the absorption of phosphoric acid [29, 30].
When PEI-ER and PBI are blended, an in situ crosslinking
between ER and PEI in the presence of PBI can form a
semi-interpenetrating network structure, which is expected

to improve the mechanical properties and heat resistance of
the membrane. Moreover, the semi-IPN membrane should
exhibit excellent proton conductivity at high temperature
under anhydrous conditions, meeting the need of the appli-
cation of HT-PEMFCs.

2. Experimental

2.1. Materials and Reagents. Polyethylenimine (PEI)
(Mw = 25 000, branched) was purchased from Sigma-
Aldrich. Epoxy resin (ER) compound (E-51) was purchased
from Macklin. Poly (4,4′-(diphenyl ether)-5,5′-bibenzimi-
dazole) (OPBI) with a viscosity of 6000Pa·S (tested as
10wt% solution in N,N′-dimethyl acetamide) was purchased
from Shanghai Shengjun Polymer Technologies Co. Ltd.
Phosphoric acid (85wt%) and N-methyl-2-pyrrolidone
(NMP) were purchased from Aladdin.

2.2. Membrane Preparation. 80wt% PEI, 80wt% ER, and
5wt% PBI solutions were prepared by dissolving PEI, ER,
and PBI in pyrrolidone (NMP), respectively. The PEI, ER,
and PBI solution with different volume ratios was mixed
and stirred for 12 h at room temperature to obtain a transpar-
ent and homogeneous casting solution. Then, the PEI-ER-
PBI blend solution was cast onto a glass plate and heated at
60°C for 12h on a hot plate followed by drying at 140°C for
30min to allow solidification and remove the solvent. PEI-
ER/PBI semi-IPN membranes with PBI amount of 20wt%
and mass ratio of PEI to ER of 1 : 2, 2 : 3, 1 : 1, 3 : 2, and 2 : 1
were prepared, which are denoted as PEI-ER(1 : 2)/PBI,
PEI-ER(2 : 3)/PBI, PEI-ER(1 : 1)/PBI, PEI-ER(3 : 2)/PBI, and
PEI-ER(2 : 1)/PBI, in turn. The thickness of the PEI-ER/PBI
semi-IPN membranes was controlled to be ~80μm.

2.3. Characterization

2.3.1. Thermal Analysis. Thermogravimetric curves were
recorded from room temperature up to 800°C at a heating
rate of 10°C/min in nitrogen atmosphere with a flow rate of
100mL/min by a Pyris1 TGA (Perkin Elmer). The samples
were pretreated by heating to 100°C at a rate of 10°C/minute
and kept for 30 minutes before cooling to room temperature.

2.3.2. Mechanical Properties. The mechanical properties of
membranes were measured with a universal testing machine
(New SANS, Shenzhen, China). The membranes were cut
into long rectangular-shaped samples whose initial dimen-
sions were 40mm in length and 5mm in width. Measure-
ments were carried out at room temperature (RT) with a
constant separating speed of 5mmmin−1.

2.3.3. PA Doping Treatment. For phosphoric acid (PA) dop-
ing, dried membranes were cut into 4 × 4 cm2 size specimen
and the weights of individual specimens were separately
noted. The specimens were immersed into 85wt% PA at
80°C for 2 h. The membranes were taken out from the PA,
and excess PA was removed from the membrane surface by
carefully wiping the specimens with dust-free paper. After
drying at 100°C for 12 h, PA uptake and the size of each sam-
ple were measured immediately.
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The PA uptake ratio of the membrane (acid doping con-
tent (ADC)) was calculated by the following equation:

Acid doping content ADCð Þ %ð Þ = W2 −W1
W1

× 100, ð1Þ

where W1 is the initial weight of dried membrane and W2 is
the weight of PA-doped membrane.

The volume swelling ratio and area swelling ratio are
defined as the percentage of the membrane volume augment
and membrane area augment, respectively, after PA doping
treatment and are calculated by the following equation:

Volume Swelling %ð Þ = V2 − V1
V1

× 100,

Area Swelling %ð Þ = S2 − S1
S1

× 100,
ð2Þ

where V2 and S2 are the volume and area of the PA-doped
membrane, respectively. V1 and S1 are the volume and area
of the undoped dry membrane.

2.3.4. Structural Characterization. IR spectra of PEI, ER, and
film samples were recorded on a NICOLET 6700 Fourier-
Transform Infrared Spectrometer (FT-IR).

2.3.5. Gel Fraction Test. The effect of crosslinking was deter-
mined by gel fraction test. The membrane samples were
immersed in NMP at 80°C for 12 h and then removed from
the solvent and dried. The gel fraction was calculated by com-
paring the weight of the dried sample before and after solvent
extraction.

2.3.6. Proton Conductivity Measurements. Proton conductiv-
ity was measured via a standard four-probe AC impedance
method using a PGSTAT204 N electrochemical workstation
(AUT86925, AUTOLAB). All samples were cut into 1 cm ×
4 cm size, and the average thickness of the samples was
obtained by a thickness tester. The PA-doped membranes
were stuck in a four-probe clamp and placed in a
temperature-controlled chamber. The impedance

O
O O

OH
O O

On

+

H2N

H2N

N N
H

N N

NH2 N
H

NH2

N

H
N NH2

NH2

n

+

O
N

H
N

N

H
N

n

ER

PEI

PBI

O
+

NH2

H
N

OH

OH

OH

OH

N
H

N

O

Cross-linking point

60°C 12hStirring

ER

PEI

PBI

Figure 1: In situ step-growth polymerization of polyethylenimine (PEI) and epoxy resin (ER) in the presence of polybenzimidazole (PBI) to
form a PEI-ER/PBI semi-IPN membrane, where PBI and PEI-ER crosslinked networks form a semi-interpenetrating network structure.
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Figure 2: FT-IR spectra of PEI, ER, and PBI membranes, PEI-
ER(1 : 2) membrane, and PEI-ER(1 : 2)/PBI semi-IPN membrane.
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measurement was performed from 80 to 160°C, under anhy-
drous conditions, in the frequency range of 100mHz to
100 kHz. The conductivity was calculated by the following
formula:

Proton conductivity σ = L
R ×W × T

, ð3Þ

where L is the distance between reference electrodes, R is
the membrane resistance, and W and T are the width and
thickness of the samples, respectively.

2.3.7. Fuel Cell Tests. The fuel cell property was assessed using
single-cell stacks. Hydrogen and oxygen without prehumidi-
fication were applied to the fuel cell at flow rates of
80mLmin−1 and 160mLmin−1, respectively. The area of
each of the membrane electrode assemblies (MEAs) was 2:3
× 2:3 cm2. The electrodes, 1.0mg cm−2 Pt/C for the anode
and the cathode, were purchased from Hensen Company.
The membranes and electrodes were bonded together by
PA without hot pressing, and the active area of the mem-
brane electrode assembly (MEA) was 5 cm2. Polarization
curves were obtained using current-step potentiometry.

3. Results and Discussion

3.1. Fourier-Transform Infrared (FT-IR) Spectroscopy. The
step-growth polymerization of ER and PEI to form a cross-
linked network (PEI–ER) (Figure 1) involves the reactions
of epoxide (or glycidyl) groups of ER with the primary (–
NH2) and secondary (–NH–) amine groups of PEI and the
hydroxyl (–OH) groups of the intermediate products formed
through ring opening of the epoxide groups. To gain insight
into the reaction between PEI and ER, Fourier-transform
infrared (FT-IR) spectroscopy was used to characterize the
PEI-ER(1 : 2) membrane and PEI-ER(1 : 2)/PBI membrane
with curing time of 12h. As a comparison, the FT-IR spectra
of pure PEI, ER, and PBI membrane were also collected.

As shown in Figure 2, C–O stretching of epoxide at
916 cm-1 totally disappeared and a wide O-H stretching peak
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Figure 3: Gel fraction test of PEI-ER/PBI membranes performed in NMP at 80°C for 12 h. (a) The membrane samples in NMP at 80°C after
12 h and (b) the residual weight of the membranes after solvent treatment.
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Figure 4: TGA curves of different PEI-ER/PBI semi-IPN
membranes.

Table 1: Acid doping content (ADC) and swelling rate of different
semi-IPN membranes.

Membrane
ADC
%

Swelling in area
%

Swelling in volume
%

PEI-
ER(1 : 2)/PBI

101.9 27.0 48.2

PEI-
ER(2 : 3)/PBI

134.7 62.1 68.6

PEI-
ER(1 : 1)/PBI

169.6 77.8 74.7

PEI-
ER(3 : 2)/PBI

272.1 88.7 116

PEI-
ER(2 : 1)/PBI

302.4 107 121
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appeared at 3200-3700 cm-1 in the spectra of PEI-ER(1 : 2)
membrane and PEI-ER(1 : 2)/PBI membrane, indicating that
the epoxy resin was crosslinked successfully with polyethyle-
nimine. The absorption band at 1658 cm-1 is attributed to the
imidazole ring C=N absorption of PBI.

3.2. Gel Fraction Test. Gel fraction test was carried out to fur-
ther ascertain that crosslinking was successful. As shown in
Figure 3, all the membrane samples maintained the structural
integrity after immersing in NMP at 80°C for 12 h. The resid-
ual weight of the samples after solvent treatment was over
70% of the original weight. Among them, the gel fraction of
PEI-ER(1 : 2)/PBI, PEI-ER(2 : 3)/PBI, and PEI-ER(1 : 1)/PBI
membranes was more than 80%, indicating that the semi-
interpenetrating network structure may reduce the solubility
of PBI in NMP.

3.3. Thermal Properties. Thermal stability of polymer electro-
lytes is one of the most critical features for long-term durabil-
ity of fuel cells, especially in high-temperature operation. The
thermal stability of PEI-ER/PBI semi-IPN membranes was
investigated by TGA under nitrogen atmosphere. The TG
curves were recorded after pretreating the samples at 100°C
for 30 minutes. Therefore, even though PEI has strong water
absorption, the evaporation of water cannot be seen in the
spectrum.

As shown in Figure 4, the degradation of PEI-ER/PBI
semi-IPN membranes begins at around 300°C, which is
much higher than the operation temperature (≤200°C) of
HT-PEMFCs. Thus, the PEI-ER/PBI semi-IPN membranes
have sufficient thermal stability for their application in HT-
PEMFCs.

3.4. PA Doping Level. Acid doping treatment was performed
by immersing the PEI-ER/PBI semi-IPN membranes in
85wt% PA solution at 80°C for 2 h. As shown in Table 1,
PA uptake increased with the increase of PEI content since
the more N-containing functional groups could absorb more
phosphoric acid via the acid-base interaction. In addition, the
higher the ratio of PEI to ER, the lower the degree of cross-
linking and thus the higher phosphoric uptake because the
less crosslinked membrane has larger voids for containing
the PA. Accordingly, the area and volume swellings of the
membranes also increase with the increase of ADC as shown
in Table 1, which has been widely reported for PA-doped
membranes [31–33].

3.5. Mechanical Properties. An assessment of the mechanical
strength of the polymer electrolyte membranes is essential to
fabricate membrane electrode assembly. It is well known that
high acid doping level usually provides high proton conduc-
tivity but results in a large volume swelling ratio and at the
expense of mechanical strength. The mechanical properties
of PEI-ER/PBI semi-IPN membranes before and after PA
doping treatment are summarized in Table 2. The pristine
semi-IPN membranes show outstanding mechanical proper-
ties and dimensional stability. With the increase of PEI con-
tent, the tensile strength decreases from 60MPa for PEI-

Table 2: Mechanical properties of different semi-IPN membranes
before and after phosphoric acid doping.

Membrane

Tensile strength
(MPa)

Elongation at break
(%)

PA
undoped

PA
doped

PA
undoped

PA
doped

PEI-
ER(1 : 2)/PBI

60 4.2 8.6 14

PEI-
ER(2 : 3)/PBI

49 2.2 8.0 4.4

PEI-
ER(1 : 1)/PBI

37 1.4 18 1.4

PEI-
ER(3 : 2)/PBIa

22 — 43 —

PEI-
ER(2 : 1)/PBIa

13 — 98 —

aThese membranes swelled significantly in PA solution.
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ER(1 : 2)/PBI to 13MPa for PEI-ER(2 : 1)/PBI while the elon-
gation at break increases from 8.6% to 98%. It is apparent
that more rigid aromatic groups in the backbone and higher
crosslinking contribute to higher strength and lower elonga-
tion. After PA doping treatment, the mechanical properties
of the semi-IPN membranes reduced sharply, especially for
PEI-ER(3 : 2)/PBI and PEI-ER(2 : 1)/PBI. As He et al. [34]
pointed out, high PA doping level will lead to large volume
swelling, which will reduce the intermolecular force and thus
reduce the mechanical strength of the membrane. However,
for the doped membranes with PEI : ER lower than 1 : 1, the
tensile strength is still higher than 1.4MPa, which is strong
enough for membrane electrode assembly.

3.6. Proton Conductivity. The proton conductivities of PA-
doped PEI-ER/PBI semi-IPN membranes were measured
from 80°C to 160°C without extrahumidification (Figure 5).
As expected, the proton conductivities increase with the con-
tent of PEI in the membranes increasing because more PA
was doped with the increase of the alkaline groups. For the
same kind of membrane, the proton conductivity increases
sharply with the temperature increases from 80 to 120°C
and then level off from 140 to 160°C. The PEI-ER(2 : 1)/PBI
semi-IPN membrane shows the highest proton conductivity
of 7:8 × 10−2 S cm−1 at 160°C, and all the membranes exhibit
proton conductivity higher than 3:5 × 10−2 S cm−1 at temper-
atures higher than 140°C, which is sufficient for their applica-
tion as electrolyte membranes in HT-PEMFCs. A
comparison of the proton conductivity of PA-doped PEI-
ER/PBI membrane with some of the reported PA-doped
PBI membranes is shown in Table S1. The proton
conductivity of PEI-ER/PBI series membranes is higher
than or comparable to that of PBI and related crosslinked
PBI membranes.

Taking both proton conductivity and mechanical
strength into consideration, the PA-doped PEI-ER(1 : 1)/PBI
membrane and PEI-ER(1 : 2)/PBI membrane show good
comprehensive performance and were chosen for stability

testing. The variation of proton conductivity with time was
tested at 140°C for 27h. The conductivities were recorded
every hour for the first 7 h and the last 10 h with an interval
of 10 h in the oven at 140°C overnight. As shown in
Figure 6, the proton conductivity first decreased due to the
evaporation of adsorbed water and then remained stable.
After 27h, the proton conductivity could still maintain about
4:9 × 10−2 S cm−1 and 3:8 × 10−2 S cm−1, respectively, demon-
strating excellent proton conductivity durability in high-
temperature and anhydrous environments.

3.7. Fuel Cell Performance. PA-doped PEI-ER(1 : 2)/PBI
membrane was chosen and assembled to perform the fuel cell
tests. Figure 7 shows the polarization and power density
curves of H2/O2 fuel cells obtained at 120

°C and 160°C under
anhydrous conditions. Open circuit voltages of 0.90V and
0.92V were achieved at 120°C and 160°C, respectively, sug-
gesting dense membrane with good gas penetration resis-
tance [35]. Since the reaction kinetics and proton
conductivity can be effectively improved by increasing the
temperature, as expected, the maximum power density
increases with increasing temperature. The highest power
density was measured to be 170mWcm-2 at 160°C. The cell
performances shown in Figure 7 are very encouraging and
demonstrate a promising application of PEI-ER/PBI semi-
IPN membrane for HT-PEMFCs.

4. Conclusions

A series of novel PEI-ER/PBI semi-IPN membranes with
excellent thermal stability and mechanical strength were pre-
pared by in situ crosslinking of ER and PEI in the presence of
PBI. Thanks for the abundant alkaline N-containing func-
tional groups, the PEI-ER/PBI semi-IPN membranes show
high PA doping level. Acid doping amount and swelling rate
as well as proton conductivities of the PEI-ER/PBI mem-
branes increase with increasing PEI content. The highest pro-
ton conductivity of 7:8 × 10−2 S cm−1 at 160°C is achieved for
PA-doped PEI-ER(2 : 1)/PBI membrane, and the PA-doped
series membranes with PEI : ER lower than 1 : 1 show good
mechanical strength (1.4∽4.2MPa) and high and stable pro-
ton conductivity (higher than 3:5 × 10−2 S cm−1) at tempera-
tures higher than 140°C. The H2/O2 fuel cell performance of
the PA-doped PEI-ER(1 : 2)/PBI membrane gave a peak
power density of 170mWcm-2 at 160°C under anhydrous
conditions, demonstrating promising potential of these PA-
doped PEI-ER/PBI membranes as alternative PEMs for HT-
PEMFC application.
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The behavior of polyvinyl chlorine (PVC)/zinc oxide (ZnO) nanoparticles was investigated. To improve the dispersion and
distribution of zinc nanoparticles within the host polymer (PVC), they were treated with water before being added to the
polymer. The nanocomposite samples were prepared by casting method using different weight ratios of ZnO nanoparticles. The
prepared nanocomposite samples were characterized by thermogravimetric analysis (TGA). Both thermal stability and kinetic
analysis of the prepared samples were investigated. The ZnO nanoparticles lower the activation energy and decrease the thermal
stability of PVC. Kissinger, Flynn-Wall-Ozawa, and Kissinger-Akahira-Sunose models were used in the nonisothermal kinetic
analysis of PVC/ZnO nanocomposite samples. The thermal stability behavior due to the addition of zinc oxide nanoparticles
was explained and correlated with the behavior of the kinetic parameters of the samples. The AC conductivity as function of
frequency and temperature was also investigated. The addition of ZnO nanoparticle increases the AC conductivity, and the
temperature-independent region decreased by increasing temperature. Both S and A coefficients were predicted using the
Jonscher power law and OriginLab software. The trends of S and A coefficients were discussed based on the glass transition of
the host polymer.

1. Introduction

Thermoplastic polymers have physical and chemical proper-
ties that meet the requirements for many industrial applica-
tions. Among the thermoplastics, the industrial use of PVC
is ranked second after polyethylene. It has been used in the
manufacturing of electrical insulators, insulating floors, ceil-
ings, medical devices, packaging, pipe industry, and many
other countless applications [1]. Due to its tremendous
importance in the manufacturing industry, PVC receives a
lot of attention from researchers.

For example, in order to improve the thermal properties
of PVC, Hajibeygi et al. [2] used a ternary nanocomposite
containing PVC/chitosan-modified ZnO nanoparticles.
They further investigated the thermal stability by using
PVC-modified ZnO nanoparticles with imide functionalized
polyethyleneimine (PEI). In both cases, they found that the
ternary system possessed more thermal stability than host
PVC polymer. Taha et al. [3] investigated the thermal sta-
bility of PVC/SnO2 nanocomposite, and they found that

the glass transition increased for SnO2-doped samples. In
addition, the thermal stability increased for the high-
temperature decomposition stage (350-550°C). PVC rein-
forced by ZnO nanoparticles was investigated by Mallak-
pour and Darvishzadeh [4]. According to their TGA data,
the thermal stability of PVC at the high-temperature stage
was increased by increasing the percent of ZnO/bovine
serum albumin BSA nanoparticles. The thermal stability of
PVC/TiO2 nanoparticles covered by bovine serum was also
investigated by Mallakpour and Shamsaddinimotlagh [5].
Their TGA analysis showed higher thermal stability for
the nanocomposite samples than the host polymer in its
pure form.

Hajibeygi et al. [6] investigated the thermal stability of
PVC-modified ZnO nanoparticles with imide functionalized
polyethyleneimine (PEI). The thermal stability of the pre-
pared modified nanocomposite sample was increased.

PVC loaded with 2wt.% ZnO nanoparticles was prepared
to investigate the effect of molecular weight of PVC on the
thermal properties of nanocomposite [7]. The glass transition
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Figure 2: TGA spectra for (a) pure PVC, (b) 5 wt.% ZnO, and (c) 8 wt.% ZnO nanocomposite samples at different heating rates.
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of the prepared nanocomposite was increased, and it was
noted that the higher the molecular weight, the greater the
extent of the glass transition enhancement. Taha [8] has inves-
tigated the thermal stability for Pb3O4/PVC nanocomposites.
The data revealed that such nanocomposites have higher ther-
mal stability than pure PVC film.

The thermal degradation of PVC/iron oxide-modified
montmorillonite (MMT) nanocomposite was investigated
[9] in air atmosphere, and the activation energies were
obtained using the Kissinger model. The iron-modified
PVC nanocomposite samples showed higher thermal stabil-
ity and higher activation energy than the pure PVC. PVC/se-
piolite nanocomposite sample decreases the thermal stability
of PVC and the activation energy in both decomposition
stages of PVC [10]. Sánchez-Jiménez et al. [11] investigated
the kinetics of PVC decomposition and revealed that there
are two main different processes. The first process is repre-
sented by nucleation and growth mechanism with activation

energy of about 114 kJ/mol while the second is represented by
a diffusion-controlled model with an activation energy of
about 202 kJ/mol. Many other researchers have investigated
the thermal stability, thermal degradation, and kinetic analy-
sis for PVC, PVC blend, and PVC nanocomposites using dif-
ferent kinetic models [12–20]. Several researchers investigate
the conduction mechanism and the AC conductivity of such
nanocomposite samples.

In the present work, we aim to investigate the kinetics of
the thermal analysis of PVC/ZnO nanoparticle using differ-
ent kinetic models. The effect of the addition of ZnO on the
thermal stability and the AC conductivity of this type of
nanocomposite will be discussed. TGA nonisothermal data
at different heating rates will be used to calculate the activa-
tion energy (Ea) and preexponential factor (A) using the Kis-
singer, FWO, and KAS models. The Jonscher universal
power law will be used to discuss the AC conductivity of
the composite.
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Figure 3: DTGA spectra for (a) pure PVC, (b) 5wt.% ZnO, and (c) 8wt.% ZnO nanocomposite samples at different heating rates.
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2. Model-Free Methods

2.1. Kissinger Method. The Kissinger model is one of the sim-
plest models used to find the kinetic parameters of a reaction
without going into the details of reaction mechanism [21]. In
the Kissinger model, we rely on the relationship between ln
ðβ/Tp

2Þ versus 1000/Tp for a series of degradation curves at
different heating rates (β) where Tp is the temperature at
maximum decomposition rate. For a first-order reaction,
the following equation holds:

ln β

T2
p

 !
= ln AR

Ea

� �
−

Ea
RTp

: ð1Þ

The apparent activation energy (Ea) can be deduced by
finding the accurate slope of such relation (slope = –Ea/R).

2.2. Flynn-Wall-Ozawa Method. The FWO model depends
on the relation between ln ðβiÞ versus (1/Tαi) for specific

values of conversion at different values of β. The following
equation can be used for the FWO model [22, 23]:

ln βið Þ = ln AαEa
Rg αð Þ
� �

− 5:331 − 1:052 Ea
RTαi

: ð2Þ

Note that it is important to know that the function gðαÞ is
constant for each given value of α. From the above relation,
one can calculate the apparent activation energy for each α
from the slope of the linear relation (slope = −1:052Ea/R).

2.3. Kissinger-Akahira-Sunose. Their model can be written as
follows [24–26]:

ln β

T2
αi

� �
= ln AαR

Ea g αð Þ
� �

−
Ea
RTαi

, ð3Þ

by plotting ln ðβi/T2
αiÞ vs. 1/Tαi and from the slope Ea can be

obtained.
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Figure 4: ln ðβ/T2
pÞ vs. 1/Tp for (a) pure PVC, (b) 5wt.% PVC/ZnO, and (c) 8wt.% PVC/ZnO samples, respectively.
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3. Sample Preparation

Polyvinyl chloride (PVC) (Saudi Basic Industries Corpora-
tion (SABIC), MW of 30,000) and ZnO nanoparticles
(Sigma-Aldrich Chemicals; <100nm) are used for sample
preparation. PVC (1 g) was dissolved in 15mL of THF at

room temperature (≈23°C) using a magnetic stirrer for 4
hours. Zinc oxide nanoparticles were mixed with 1mL of dis-
tilled water to obtain a paste of water-saturated nanoparti-
cles. The obtained paste was transferred to a filter paper to
remove excess water and left to dry at room temperature
for two hours. The paste was ultrasonicated in 3mL of THF

Table 1: The extracted data of the Kissinger model for pure PVC.

Sample Peak Intercept value Preexponential A (min-1) Slope value Activation energy Ea (kJ/mol) Statistics R2

PVC
1 16.47 2:07 × 108 -14.59 121.31 0.98508

2 13.20 7:54 × 106 -13.88 115.41 0.97

5wt.% ZnO 1 14.41 2:46 × 107 -13.52 112.41 0.97

8wt.% ZnO 1 15.04 4:68 × 107 -13.81 114.82 0.99

0.8

1.0

0.6

0.4

Co
nv

er
sio

n 
𝛼

0.2

0.0
200 225 250 275 300 325 350 375 400

Temperature T (°C)

5 °C/min
10 °C/min
20 °C/min

30 °C/min

PVC

40 °C/min

(a)

0.8

0.9

1.0

0.6
0.7

0.4

0.5

Co
nv

er
sio

n 
𝛼

0.2
0.3

0.0

0.1

260 280 300 320 340
Temperature T (°C)

𝛽 = 5 °C/min
𝛽 = 10 °C/min
𝛽 = 20 °C/min

𝛽 = 30 °C/min
𝛽 = 40 °C/min

5wt.% ZnO

(b)

0.6

0.8

1.0

Co
nv

er
sio

n 
𝛼

0.4

0.2

250 300 350 400
Temperature T (°C)

𝛽 = 5 °C/min
𝛽 = 10 °C/min
𝛽 = 20 °C/min

𝛽 = 30 °C/min
𝛽 = 40 °C/min

8wt.% ZnO

(c)

Figure 5: Temperature dependence of conversion α for (a) pure PVC, (b) 5 wt.% ZnO, and (c) 8 wt.% ZnO samples.
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solvent for 15 minutes. The dispersed pretreated ZnO was
added to the prepared PVC-THF solution and ultrasonicated
for three hours to ensure the homogeneity of the mixture.
The mixture was transferred to the magnetic stirrer and stir-
red overnight to ensure homogeneity of the nanoparticle’s
distribution within the polymer. The mixture was poured
into Petri dishes at a radius of six centimeters and left to
dry for three days.

4. Results and Discussion

4.1. Thermal Gravimetric Analysis. Thermal gravimetric
analysis (TGA) for pure PVC and PVC-ZnO nanocomposite
(5wt.% and 8wt.% water-treated ZnO) was carried out using
TA instruments Q500 (USA). All measurements were carried
out in the temperature range 25–600°C with different scan
rates with nitrogen purge at a flow rate of 60mL/min. The
sample weight was about 12mg for all samples.

As revealed in several previous works [1, 11, 27, 28], the
decomposition curve for pure PVC polymer consists of three
main decomposition regions which are represented as three
peaks in DTGA complex curve. The 1st main decomposition

process of PVC consists of two subsequent processes. These
two processes are confined in the temperature range from
about 175 to 375°C. The second main decomposition is con-
fined between 350 and 550°C. The 1st stage corresponds to
the evolution of hydrogen chloride causing formation of
polyene structure while the 2nd stage is attributed to the ther-
mal cracking of the carbonaceous-conjugated polyene
sequences [7].

Samples loaded with treated zinc oxide nanoparticles
have the same decomposition behavior as pure PVC sample
except a DTGA peak near 200°C which can possibly be
attributed to the direct chlorination of ZnO by the PVC
monomer [29]. It is noted that nanocomposite samples have
less thermal stability during the low-temperature stage (50 to
350°C). The mass loss at 225°C was about 10%, 13%, and 16%
for the pure PVC, 5wt.% ZnO, and 8wt.% ZnO samples,
respectively. The addition of treated ZnO accelerates the ini-
tiation of HCl. The formation of HCl accelerates the forma-
tion of double bond sequences in the polymer backbone [1,
7]. The rate of formation of HCl depends strongly on the
presence of oxygen [11, 28]. Decomposition of water mole-
cules adsorbed on ZnO particles will increase the HCl
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formation due to the production of oxygen atoms. There are
several references which studied the effect of zinc oxide on
the thermal stability of PVC. For example, Lewis acids (e.g.,
ZnCl2 and FeCl3) [30–34] can accelerate and lower the acti-
vation energy of PVC degradation. Also, according to Zhang
et al. [29], ZnO can react with HCl or directly with the PVC
monomer. ZnCl2 can form and catalyze the dehydrochlori-
nation of PVC [35, 36], resulting in a lower activation energy.
Finally, all these factors will lead to the reduction of thermal
stability for the low-temperature degradation stage.

The rate of formation of HCl depends strongly on the
presence of oxygen [11, 37, 38]. Decomposition of water mol-
ecules adsorbed on ZnO particles will increase the HCl for-
mation due to the production of oxygen atoms. This will
lead to the reduction of the thermal stability for the low-
temperature degradation stage [37, 38].

For the high-temperature range, it is observed that the
thermal stability of the samples increases by increasing the
weight ratio of ZnO nanoparticles. This behavior may be
attributed to the following two reasons. The first is that the
number of double bond formation increases, which contrib-
utes to the thermal isolation for the remaining polymeric
chains. By this way, the double bond (polyenes) structure will
protect the remaining chains from degradation and increase
the thermal stability. The second is that metal oxides act as
adsorbents for HCl or as inhibitors of HCl formation due
to their reaction with HCl, which in turn increases the ther-
mal stability of the material [1].

4.2. Kinetic Thermal Analysis for Pure PVC and PVC/ZnO
Nanocomposite. Kinetic thermal analysis for pure PVC and
PVC/ZnO nanocomposite samples (Figures 1) was investi-

gated using the data collected by TGA measurements. Mea-
surements were performed at different heating rates (5, 10,
20, 30, and 40°C/min) for temperature ranging from 40 to
550°C. Using the previous equations (equations (1)–(3)) of
the three models (Kissinger, Flynn-Wall-Ozawa, and
Kissinger-Akahira-Sunose models), the kinetic parameters
for pure PVC and PVC/ZnO were calculated.

Figures 2(a)–2(c) represent the TGA spectra for pure
PVC and 5wt.% and 8wt.% PVC/ZnO nanocomposite at dif-
ferent heating rates, respectively. Figures 3(a)–3(c) illustrate
the corresponding DTGA spectra for these samples.

4.2.1. Kissinger Model. In the Kissinger model, the tempera-
ture corresponding to the maximum decomposition rate
(Tp) was determined from the DTGA curves for each heating
rate. By applying the Kissinger model to the 1st main decom-
position processes (225 to 400°C), the relationship between
ln ðβ/T2

pÞ and 1/Tp for pure PVC and 5wt.% and 8wt.%
PVC/ZnO was plotted and is shown in Figures 4(a)–4(c),
respectively. The slope and the intercept of the straight line
were determined to calculate the activation energy and the
preexponential factor. The extracted data are recorded in
Table 1. For nanocomposite samples, the second reaction
within this temperature range was overlapped with the first
reaction in a way that does not allow us to define the peak
temperature for each curve, and therefore, we were unable
to apply the model to this reaction region.

It is noted that the activation energies for the 1st reaction
peak reduced due to the addition of ZnO nanoparticles. For
pure PVC, Ea was found to be about 121 kJ/mol while for
nanocomposite samples it was about 112 kJ/mol for 5wt.%
ZnO and about 114 kJ/mol for 8wt.% ZnO sample.

Table 2: The extracted data of the FWO model for both reaction regions of pure PVC.

Alpha PVC Intercept value Preexponential A (min-1) Slope value Activation energy Ea (kJ/mol) Statistics Adj. R2 Average

PVC region 1

0.05 31.08 4.721014 -14.95 118.15 1.00

128.11

0.1 31.70 9.131014 -15.56 122.97 1.00

0.15 32.31 1.721015 -16.04 126.76 1.00

0.2 32.76 2.771015 -16.40 129.61 0.99

0.25 32.50 2.131015 -16.37 129.37 0.99

0.3 32.53 2.211015 -16.48 130.24 1.00

0.35 33.00 3.731015 -16.40 126.60 0.98

0.4 32.07 1.391015 -16.41 129.69 1.00

0.45 31.67 9.271014 -16.29 128.74 1.00

PVC region 2

0.6 33.27 4.961015 -17.60 139.09 1.00

145.16

0.65 34.14 1.231016 -18.29 144.55 0.99

0.7 34.29 1.441016 -18.57 146.76 0.99

0.75 33.72 8.111015 -18.42 145.57 0.99

0.8 33.16 4.621015 -18.27 144.39 0.98

0.85 33.36 5.701015 -18.58 146.84 0.98

0.9 33.44 6.291015 -18.84 148.89 0.97
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4.2.2. Flynn-Wall-Ozawa Model. The Flynn-Wall-Ozawa
model was used to calculate the activation energy of pure
PVC and nanocomposite samples and compare it with the
values calculated from the Kissinger model. By assuming that
the value of gðαÞ is constant at each value of α and by draw-
ing the relationship between ln ðβαiÞ and 1/Tαi at different
values of α, one can determine the activation energy Eαi for
each value of α.

Figure 5 shows the conversion with temperature for pure
and nanocomposite samples, considering that the range of
reaction is a one-step transition. It is noted that the behavior
of the conversion curve depends on the weight ratio of zinc
oxide nanoparticles. In the case of the pure PVC sample,
there were two regions with different rates of conversion
and different reaction speeds. However, because of the inhab-
itation role of ZnO to HCl formation, the conversion curve
became a one-step reaction form with a little deviation at
the edges of the curve. These sets of curves were used to
investigate the relationship between ln ðβαiÞ and 1/Tαi and
determine the activation energies and preexponential factors.

Figures 6(a) and 6(b) illustrate the relation between
ln ðβαiÞand 1/Tαi of PVC for both reaction regions. The calcu-
lated values of Ea as function of conversion α for both reaction
regions are represented in Figures 6(c) and 6(d). The activa-
tion energy for the first reaction region varies from 118 to
128kJ/mol with an average value of 128kJ/mol, while the acti-
vation energy for the second reaction region changed from
139 to 149kJ/mol with an average value of 145 kJ/mol. By
comparing those values with the values obtained from the Kis-
singer model, we find that they are higher by 5% to 20%,
respectively. Table 2 shows the extracted data of the FWO
model for both reaction regions of pure PVC sample.

Figures 7(a)–7(d) represent ln ðβαiÞ vs. 1/Tαi and the
dependence of Ea on α for 5wt.% and 8wt.% PVC/ZnO
nanocomposite samples. As shown in Figures 7(c) and 7(d),
it is noted that the activation energy for 5wt.% ZnO sample
varied from 113 kJ/mol to 81 kJ/mol with an average of
99.05 kJ/mol. On the other side, Ea for the sample loaded
with 8wt.% ZnO varied from 106 kJ/mol to 81 kJ/mol with
an average of 99.01 kJ/mol.
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Figure 7: ln ðβαiÞ vs. 1/Tαi for (a) 5wt.% PVC/ZnO and (b) 8 wt.% PVC/ZnO samples and the dependence of activation energy on the
conversion (α) for (c) 5 wt.% PVC/ZnO and (d) 8wt.% PVC/ZnO samples.
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Table 3: The extracted data of the FWO model for both 5wt.% and 8wt.% PVC/ZnO nanocomposite samples.

Alpha 5wt.% Intercept value Preexponential A (min-1) Slope value Activation energy Ea (kJ/mol) Statistics Adj. R2 Average

PVC/5wt.% ZnO

0.1 29.27 7.381013 -14.30 113.01 0.96

99.05

0.2 28.75 4.351013 -14.25 112.62 0.98

0.3 27.45 1.141013 -13.65 107.88 0.98

0.4 26.49 4.231012 -13.21 104.40 0.98

0.5 25.11 1.001012 -12.53 99.03 0.98

0.6 23.16 1.311011 -11.54 91.20 0.97

0.7 21.06 1.471010 -10.47 82.74 0.97

0.8 20.46 7.89109 -10.32 81.56 0.96

PVC/8wt.% ZnO

0.3 27.38 1:04 × 1013 -13.4 105.90 0.98

99.01

0.4 28.22 2:51 × 1013 -13.99 110.56 0.99

0.5 26.91 6:50 × 1012 -13.36 105.58 0.98

0.6 25.54 1:57 × 1012 -12.68 100.21 0.98

0.7 23.43 1:74 × 1011 -11.60 91.68 0.97

0.8 20.67 9:72 × 109 -10.21 80.69 0.98
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Figure 8: ln ðβ/Tαi
2Þ vs. 1/Tαi for (a) pure PVC, (b) 5wt.% PVC/ZnO, and (c) 8 wt.% PVC/ZnO samples.
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Table 3 shows the extracted data of the FWO model for
both 5wt.% and 8wt.% PVC/ZnO nanocomposite samples.
The average activation energies for both nanocomposite
samples are nearly equal to 99 kJ/mol and are less than that
obtained by using the Kissinger model (≈112 and
114 kJ/mol). From the table, we observe that the average of
the activation energy values corresponding to intermediate
values of α (0.3 to 0.5) is the nearest to the predicted value
using the Kissinger model, while small and large α values
have activation energy less or greater than that predicted by
the Kissinger model. This means that if we neglect the two
edges of conversion curve we will have average values for
activation energy closed to that predicted by the Kissinger
model because we will reduce the errors due to the overlap-
ping of the two decomposition processes.

4.2.3. Kissinger-Akahira-Sunose (KAS). The relationship
between ln ðβ/Tαi

2Þ and 1/Tαi at different values of α are
illustrated in Figure 8 for pure PVC and PVC/ZnO nano-
composites. The dependence of the calculated activation
energies on conversion α for pure and nanocomposite sam-

ples is illustrated in Figure 9. The average activation energies
for pure, 5wt.%, and 8wt.% ZnO nanoparticles were 116.4,
89.6, and 93.5 kJ/mol, respectively. Table 4 shows the
extracted data of the KAS model for PVC and 5wt.% and
8wt.% PVC/ZnO nanocomposite samples.

From the obtained results, the addition of zinc nanopar-
ticles led to a decrease in the thermal stability of the samples
during the low-temperature range (T < 350°C), which was
investigated with kinetic thermal analysis models. The
kinetic thermal analysis showed that the activation energy
of the samples decreased by adding ZnO nanoparticles signif-
icantly through both FWO and KSA models. These results
are consistent with the results of thermal stability, which
were explained based on the contribution of oxygen emitted
from the decomposition of adsorbed water on ZnO nanopar-
ticle surface in accelerating the HCl formation (at low-
temperature region) besides the role of ZnO chlorination in
accelerating the decomposition process. At the high-
temperature region, ZnO nanoparticles play an important
role in inhibiting the role of HCl in the decomposition pro-
cess of the polymer [29].
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Figure 9: The dependence of activation energy on the conversion α for (a) pure PVC, (b) 5wt.% PVC/ZnO, and (c) 8wt.% PVC/ZnO
samples.

10 Advances in Polymer Technology



4.3. AC Conductivity. Figure 10 shows the variation in AC
conductivity as a function of frequency at different tempera-
tures (30 to 110°C) for pure PVC and PVC-ZnO nanocom-
posite films (5wt.% and 8wt.%). It is observed that all the
prepared samples exhibit the same behavior but with differ-
ent values over the whole range of measured frequency.
The Jonscher universal power law (equation (4)) [39] was
used to investigate the frequency dependence of conductivity

for such nanocomposite. The total electrical conductivity
σðωÞ is composed of the summation of AC ðσacðωÞÞ and
DC ðσdcð0ÞÞ conductivities, and according to the Jonscher
power law, the frequency dependence of total conductivity
can be written as

σ ωð Þ = σdc 0ð Þ + σac ωð Þ = σdc + Aωs: ð4Þ

Table 4: The extracted data of the KAS model for PVC and 5wt.% and 8wt.% PVC/ZnO nanocomposite samples.

Alpha PVC Intercept value Preexponential A (min-1) Slope value Activation energy Ea (kJ/mol) Statistics Adj. R2 Average

PVC region 1

0.05 16.29 1:63 × 108 -13.76 108.75 1.00

116.36

0.1 16.52 2:11 × 108 -14.16 111.91 1.00

0.15 16.94 3:29 × 108 -14.54 114.91 1.00

0.2 17.08 3:86 × 108 -14.73 116.41 0.99

0.25 17.05 3:76 × 108 -14.82 117.12 0.99

0.3 17.13 4:13 × 108 -14.96 118.23 1.00

0.35 17.37 5:29 × 108 -15.17 119.89 1.00

0.4 17.23 4:63 × 108 -15.19 120.05 1.00

0.45 17.03 3:77 × 108 -15.18 119.97 1.00

PVC region 2

0.6 18.56 1:90 × 109 -16.45 130.01 1.00

135.74

0.65 19.41 4:62 × 109 -17.12 135.30 0.99

0.7 19.53 5:30 × 109 -17.39 137.43 0.99

0.75 18.94 2:91 × 109 -17.23 136.17 0.99

0.8 18.37 1:62 × 109 -17.07 134.90 0.98

0.85 18.54 1:96 × 109 -17.36 137.20 0.97

0.9 18.60 2:11 × 109 -17.61 139.17 0.96

PVC/5wt.% ZnO

0.1 14.69 3:14 × 107 -13.15 103.92 0.95

89.63

0.2 14.13 1:79 × 107 -13.08 103.37 0.98

0.3 12.82 4:59 × 106 -12.47 98.55 0.98

0.4 11.84 1:68 × 106 -12.02 94.99 0.97

0.5 10.45 3:90 × 105 -11.34 89.62 0.97

0.6 8.48 4:96 × 104 -10.33 81.64 0.96

0.7 6.36 5:35 × 103 -9.26 73.18 0.96

0.8 5.72 2:78 × 103 -9.08 71.76 0.95

PVC/8wt.% ZnO

0.3 13.07 5:95 × 106 -12.51 98.87 0.95

93.54

0.4 14.06 1:69 × 107 -13.19 104.24 0.99

0.5 13.39 8:40 × 106 -12.90 101.95 0.99

0.6 11.83 1:67 × 106 -12.12 95.78 0.99

0.7 9.62 1:66 × 105 -10.98 86.78 0.98

0.8 6.37 5:46 × 103 -9.32 73.66 0.98
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The DC conductivity part is frequency independent while
AC conductivity is the frequency-dependent part. Coefficient
“A,” which represents the strength of polarizability, is a
temperature-dependent constant. The power law exponent (s)
(which generally varies between 0 and 1) is also temperature
dependent. The exponent “s” denotes to the degree of interac-
tion between carriers and lattice or surrounding molecules. A
lower value of s indicates the increase in σdc contribution [40].

It is noted that the AC conductivity increased and the
temperature-independent region decreases with temperature
for all samples. Also, the AC electrical conductivity increases
with increasing ZnO NPs (Figure 11). The increase of the
conductivity with ZnO wt.% can be regarded to the increase
in the number of charge carriers which are able to contribute

in the conduction mechanism. Moreover, the presence of
ZnO NPS may contribute in decreasing the chain agglomer-
ation of the host polymer. In addition, the increase of the
conductivity can be considered as an indicator to the
homogenous dispersion of the filler (ZnO NPs) through
the host polymer which emphasizes the absence of aggre-
gation of the filler (which causes reduction in conductivity
and acts as trap centers for the free charge carrier) within
the prepared samples.

To illustrate the behavior of samples, Figures 12–14 show
the behavior of pure PVC and nanocomposite samples
(5wt.% and 8wt.%) through five frequency bands. It is noted
that for the low-frequency band there are no detectable relax-
ation peaks and this attributed to the rule of the DC conduc-
tivity. For both intermediate- and high-frequency bands, the
AC conductivity values corresponding to the relaxation
peaks increase with increasing frequency in addition to the
shift to higher temperatures. The peak symmetry (for high-
frequency range) indicates a single relaxation process.

The coefficientsA and S obtained by applying the Jonscher
universal power law and fitting using Origin software version
8.5 are illustrated in Figure 15. As observed from the figure,
the values of coefficient S lie between 1 and 0.65. Coefficient
“S” signifies the degree of interaction between chains in pure
PVC samples and represents both interactions between chains
of host polymer with each other and between host polymer
chain and filler for composite samples. The behavior of the S
coefficient related to the host polymer glass transition (Tg
about 85°C) because the chain interaction of chain filler inter-
action depends on temperature [41]. Below Tg, PVC chains
have less degree of freedom to contribute to AC and DC due
to impurity and space charge becomes the predominant factor.
During this stage, we noted that S decreases with temperature
up to the temperature where the chains become able to move
(Tg) after which coefficient S starts increasing with tempera-
ture. The AC conductivity above Tg represents the predomi-
nant conduction mechanism. The interaction between chains
and filler appears as shift in the S-T curve to higher
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Figure 10: Variation of AC conductivity (σac) with frequency for (a) pure PVC, (b) 5% ZnO, and (c) 8% ZnO nanocomposite films.
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temperature. The conduction above Tg will be due to the seg-
mental chain movement, and the presence of ZnO will facili-
tate such motion.

It is noted that the behavior of coefficient “A” is contrary
to that of coefficient “S” (coefficient A increases with temper-
ature and then decreases), and this is normal where before Tg
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charge carriers have the ability to be polarized and to arrange
themselves, while above Tg the degree of randomness
increases and the AC conduction due to chain motion

becomes predominant. The temperature corresponding to
the maximum value of coefficient “A” is slightly changed
(93 to 95°C).
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Figure 13: AC conductivity for pure 5wt.% PVC/ZnO nanocomposite sample at difference frequency ranges.
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5. Conclusion

Polymer nanocomposite samples composed of distilled
water-treated ZnO nanoparticles and PVC polymer were

prepared by casting method. The thermal stability of the
samples was studied, and the samples were found to undergo
a decrease in thermal stability during the low-temperature
range (up to 350°C). The thermal stability of the samples
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Figure 14: AC conductivity for pure 8wt.% PVC/ZnO nanocomposite sample at difference frequency ranges.
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increased at temperatures higher than 350°C. The results of
thermal stability interpreted taking into account the role of
adsorbed water on the ZnO surface. The adsorbed water
accelerates HCl formation, thus decreasing the thermal sta-
bility. At the high-temperature range, the effective role of
ZnO in inhibiting HCl formation leads to increased thermal
stability. The nonisothermal kinetic analysis of PVC/ZnO
nanocomposite samples was investigated by the Kissinger,
Flynn-Wall-Ozawa, and Kissinger-Akahira-Sunose models.
Although the conditions of derivative for each model are dif-
ferent, the variation between the results was at the acceptable
level. The deviation between the Akahira-Sunose and FWO

models was less than 9%, which is close to the difference
between the Kissinger model and the FWO model (11%).
All results are also consistent with lower activation energy
of polymer after adding the zinc oxide nanoparticles. The
AC conductivity as function of frequency and temperature
was also investigated. The addition of ZnO nanoparticle
increased the AC conductivity, and the temperature-
independent region decreased by increasing temperature.
Both S and A coefficients were predicted using the Jonscher
power law and OriginLab software. The trends of S and A
coefficients were discussed based on the glass transition of
the host polymer.
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Poor mechanical property is a critical problem for phosphoric acid-doped high-temperature proton exchange membranes (HT-
PEMs). In order to address this concern, in this work, a 3D network structural poly (aryl ether ketone)-polybenzimidazole
(PAEK-cr-PBI) polymer electrolyte membrane was successfully synthesized through crosslinking reaction between poly (aryl
ether ketone) with the pendant carboxyl group (PAEK-COOH) and amino-terminated polybenzimidazole (PBI-4NH2). PAEK-
COOH with a poly (aryl ether ketone) backbone endows superior thermal, mechanical, and chemical stability, while PBI-4NH2
serves as both a proton conductor and a crosslinker with basic imidazole groups to absorb phosphoric acid. Moreover, the
composite membrane of PAEK-cr-PBI blended with linear PBI (PAEK-cr-PBI@PBI) was also prepared. Both membranes with a
proper phosphoric acid (PA) uptake exhibit an excellent proton conductivity of around 50mS cm-1 at 170°C, which is
comparable to that of the well-documented PA-doped PBI membrane. Furthermore, the PA-doped PAEK-cr-PBI membrane
shows superior mechanical properties of 17MPa compared with common PA-doped PBI. Based upon these encouraging results,
the as-synthesized PAEK-cr-PBI gives a highly practical promise for its application in high-temperature proton exchange
membrane fuel cells (HT-PEMFCs).

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have drawn
much attention as clean power generation devices due to
their many attractive features, such as high efficiency, high
power density, and environmental friendliness for potential
application as power sources in stationary transportation
and portable devices [1–5]. Proton exchange membranes
(PEMs) are key components of the PEMFCs, which play
the main role of proton transport and fuel isolation. Com-
pared with conventional low-temperature PEMFCs, high-
temperature PEMFCs (HT-PEMFCs) operate at above

100°C, which made it possess many advantages, such as sim-
ple water and heat management, high CO tolerance, and less
dependence on platinum catalysts [6–8].

Among all the types of HT-PEMs, phosphoric acid-
doped polybenzimidazole (PA-PBI) membranes have been
considered to be the most promising candidates for a high-
temperature proton exchange membrane owing to its good
chemical and thermal stability and excellent proton conduc-
tivity under anhydrous conditions at high temperature [9–
12]. In order to obtain high proton conductivity, it is neces-
sary to dope an excess amount of phosphoric acid (PA) in
the membrane [13]. However, due to the strong plasticization
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of PA molecules, high proton conductivity is usually at the
expense of the mechanical strength of the membrane [14–
17]. Besides, the preparation of a high-strength PA-PBI
membrane requires high molecular weight of PBI, which
exhibits poor solubility in organic solvents and makes it fairly
hard to prepare uniform casting solution [18]. Therefore, to
realize high-performance HT-PEMs and high-efficiency
HT-PEMFCs, it is one of the important issues to settle the
balance between proton conductivity and mechanical prop-
erties of phosphoric acid-doped polymer membranes.

In fact, several strategies have been proposed to deal with
the issue. Crosslinking is considered an effective strategy to
enhance the properties of PA-doped membranes for HT-
PEMFCs [19–23]. In the past few decades, a variety of cross-
linkers have been widely studied, including small molecular
and macromolecular crosslinkers. Small molecular crosslin-
kers such as epoxides [24, 25] and halides [26–28] are more
frequently used for the improvement of the membrane prop-
erties. Compared with small molecular crosslinkers, macro-
molecular crosslinkers will give higher overall performance
to HT-PEMs. Recently, Yang et al. [29] studied the covalently
crosslinking PBI membrane using chloromethyl polysulfone
as the macromolecular crosslinker. Their results show that
the properties of the crosslinked membranes with high PA
doping level are almost unchanged during the test. In addi-
tion, other macromolecular crosslinkers such as poly (vinyl
benzyl chloride) [30] and bromomethylated poly (aryl ether
ketone) [31] have also been adopted to prepare crosslinked
PBI membranes. Unfortunately, most of these methods are
based on the sacrifice of N-H sites on the imidazole ring of
the PBI main chain, which ultimately impedes the absorption
of phosphoric acid and proton transport [32]. All in all, it is
an urgent demand to design a reasonable polymer framework
and a suitable covalent crosslinker to satisfy the actual
requirements of HT-PEMs. To our knowledge, poly (aryl
ether ketone) (PAEK) is extensively used in the preparation
of various electrolyte membranes in fuel cells due to its good
thermal, mechanical, and chemical stability [33–36].

In this work, we prepared a 3D network structural poly
(aryl ether ketone)-PBI (PAEK-cr-PBI) through crosslinking
reaction between PAEK with the pendant carboxyl group
(PAEK-COOH) and amino-terminated imidazole (PBI-
4NH2). For the purpose of enhancing the mechanical
strength of a PA-doped membrane without the sacrifice of
proton conductivity, a new crosslinker (PBI-4NH2, polyben-
zimidazole terminated with amino groups) was designed and
synthesized. This kind of crosslinked membrane gets rid of
the binding of PBI as a polymer framework. Besides, poly
(aryl ether ketone) has good thermal stability to meet the test
requirements of HT-PEMFCs, and the 3D network structure
of the membrane can maintain good mechanical properties

after phosphoric acid doping. In addition, we also prepared
the composite membrane PAEK-cr-PBI@PBI, which was
obtained by blending PAEK-cr-PBI and PBI polymers. In
order to better evaluate the performance of the as-
synthesized PAEK-cr-PBI and PAEK-cr-PBI@PBI mem-
branes, we compared the well-documented PBI membrane
with it. The properties of these membranes, including their
solubility in common solvent, morphology analysis, thermal
stability, oxidative stability, proton conductivity, and
mechanical strength, were studied and compared.

2. Experiment

2.1. Materials and Chemicals

2.1.1. Materials. Poly (4,4′-(diphenyl ether)-5,5′-bibenzimi-
dazole) (PBI, 6000Pa·S) was obtained from Shanghai Sheng-
jun Plastic Technology Co., Ltd. Figure 1 shows the
molecular structure of PBI.

2.1.2. Chemicals. 4,4-Bis(4-hydroxyphenyl)-valeric acid
(98%), phosphorus pentoxide (P2O5), polyphosphoric acid
(PPA), phosphoric acid solution (85wt%), and 1-methyl-2-
pyrrolidinone (NMP) were obtained from Aladdin Chemis-
try Co. Ltd. 4,4′-Difluorobenzophenone (99%), isophthalic
acid (IPA), and 3,3′-diaminobenzidine (DAB, 97%) were
obtained from Shanghai Macklin Biochemical Co. Ltd.
Potassium carbonate (K2CO3), toluene, isopropyl alcohol,
tetrahydrofuran (THF), and hydrochloric acid (HCl) were
purchased from Guangzhou Chemical Reagent Factory.
Ammonia solution (25wt%) was purchased from Tianjin
Fuyu Fine Chemical Co. Ltd.

2.2. Synthesis

2.2.1. Synthesis of PAEK-COOH. Poly (arylene ether ketone)
with the pendant carboxyl group (PAEK-COOH) was syn-
thesized via the step condensation polymerization [33, 37,
38]. The synthetic pathway of PAEK-COOH is shown in
Scheme 1(a); in a 250mL three-neck round-bottom flask
equipped with a magnetic stirrer, a condenser, a Dean-Stark
trap, and a nitrogen inlet, 4,4-bis(4-hydroxyphenyl)-valeric
acid (2.86 g, 0.01mol) and 4,4′-difluorobenzophenone
(2.18 g, 0.01mol) were dissolved in 40mL DMSO and
45mL toluene. Then, K2CO3 (3.46 g, 0.025mol) was added
to the reaction flask. Under an atmosphere of nitrogen, the
mixture was heated to 145°C and maintained at this temper-
ature for 4 h until the water was totally separated by means of
a Dean-Stark trap using toluene. Then, the system tempera-
ture was elevated to 170°C to render polymerization for 22 h.

Purification of the polymers was done by decantation of
the supernatant from the reaction mixture after cooling to
room temperature; then, HCl and THF were added at a ratio
of 1 : 4; thus, the mixture was stirred until the solid polymer
was completely dissolved. After the stirring, the orange-
colored polymer layer floating on the top of the liquid phase
was collected. The PAEK-COOH solution in THF (orange-
colored polymer layer) was precipitated by dropping it into
500mL of isopropyl alcohol in a 1L beaker. The obtained
white polymer was washed with isopropyl alcohol, followed
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Figure 1: The molecular structure of poly (4,4′-(diphenyl ether)-
5,5′-bibenzimidazole) (PBI).

2 Advances in Polymer Technology



by deionized water. Then, the purified product, PAEK-
COOH, was dried in a 100°C dry oven for 24h.

2.2.2. Synthesis of the Crosslinker (PBI-4NH2). The amine-
terminated polybenzimidazole (PBI-4NH2) was synthesized
by the condensation reaction of 3,3′-diaminobenzidine
(DAB) with isophthalic acid (IPA) in polyphosphoric acid
(PPA) [39, 40], as shown in Scheme 1(b). In a 100mL dry
three-neck flask equipped with a nitrogen inlet and a nitrogen
outlet, 27g of PPA and 7 g of phosphorus pentoxide were
heated at 120°C under nitrogen flow and mechanically stirred
about 4h till a clear solution was observed. After cooling to
room temperature, DAB (1.2856g, 6mmol) and IPA
(0.4985 g, 3mmol) were added; then, the reaction mixture
was mechanically stirred, slowly heated to 190°C, and kept at
this temperature for 20h. After cooling to about 80°C, the vis-
cous solution was slowly poured into the ice deionized water
and then was neutralized to pH 7 with dilute solution of
ammonium hydroxide solution (5wt%). The product was fil-
tered and washed with deionized water several times and dried

in a freeze dryer for 2 days at minus 60°C to remove the resid-
ual solvents completely.

2.3. Preparation of Membranes

2.3.1. Preparation of the PAEK-cr-PBI Membrane. The syn-
thesis route of PAEK-cr-PBI is shown in Scheme 1(c), and
the PAEK-cr-PBImembrane was fabricated by a solution cast-
ing method, as shown in Scheme 2. The calculated result of the
carboxyl equivalent in PAEK-COOH is 2.15mmol/g. Firstly,
PAEK-COOH (300.0mg) was dissolved in 2-3mL 1-methyl-
2-pyrrolidinone (NMP) to form a uniformly transparent solu-
tion. Then, the PBI-4NH2 (168.6mg, the molar ratio of dia-
mino to carboxyl is 1 : 1) was dissolved completely in 2mL
NMP. The total polymer concentration was controlled to be
8~15% (w/v). After that, the solution of PBI-4NH2 was added
dropwise into the solution of PAEK-COOH in NMP and then
stirred for 4h to obtain a uniform solution. The resulting poly-
mer solution was cast onto a clean glass plate followed by heat-
ing at 80°C for 5h to remove residual solvent and then a
further thermal treatment at 150°C for 2h and then put in a
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Scheme 1: Synthesis of (a) PAEK-COOH, (b) PBI-4NH2, and (c) PAEK-cr-PBI.
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vacuum at 190°C for 12h for further crosslinking. The
obtained membrane was then peeled off, washed thoroughly
with deionized water, and dried at 100°C for 24h.

2.3.2. Preparation of the PAEK-cr-PBI@PBI Membrane. Sim-
ilar to the PAEK-cr-PBI membrane, the composite PAEK-cr-
PBI@PBI membrane was also fabricated by a solution casting
method. What needs to be explained here is that the mass
ratio between PAEK-cr-PBI and PBI is 4 : 1; the detail of the
preparation process is as follows: PAEK-COOH (300.0mg)
and PBI (117.2mg) were dissolved in 3mL 1-methyl-2-pyr-
rolidinone (NMP) to form a uniformly transparent solution.
Then, the PBI-4NH2 (168.6mg) was dissolved completely in
the 1-2mL NMP. The rest of the procedure is the same as the
preparation process of the PAEK-cr-PBI membrane.

2.3.3. Preparation of the PBI Membrane. The preparation
method of the PBI membrane is the most convenient: 0.5 g
PBI was dissolved in 5mL NMP and stirred for 24 h at room
temperature to obtain a homogeneous solution. Then, the
polymer solution was cast on a flat glass plate and then dried
at 80°C for 24 h.

2.4. Characterizations

2.4.1. Structural Characterization. 1H NMR spectra of the
PAEK-COOH and PBI-4NH2 were recorded on a Bruker
DRX-500 NMR spectrometer with deuterated DMSO
(DMSO-d6) as the solvent and tetramethylsilane (TMS) as
the standard at room temperature. The molecular weight of
synthesized PAEK-COOH was measured using a gel perme-
ation chromatography (GPC) system (Waters 515 HPLC
Pump, Waters 2414 detector), and the measurement was car-
ried out at 30°C with the THF solvent. The surface and cross-

section morphologies of the membranes were recorded on
scanning electron microscopy (FE-SEM, Quanta 400F).

2.4.2. Solubility Test. The crosslinking degree was character-
ized by measuring the solubility of the PAEK-cr-PBI and
PAEK-cr-PBI@PBI membranes in common solvents. The
membranes were immersed in NMP for 12 h at 90°C. Then,
the residual samples in the NMP solution were collected,
dried, and weighed. The weight residue of the membranes
was calculated by the following equation:

Gel content %ð Þ = WA
WB

× 100%, ð1Þ

whereWA is the weight of membranes after the test and WB
is the weight of membranes before the test.

2.4.3. PA Uptake and Swellings. The PBI, PAEK-cr-PBI, and
PAEK-cr-PBI@PBI membranes were dried in a vacuum oven
at 80°C for 12 h. After measuring the weight, length, width,
and thickness, they were immersed in 85wt% phosphoric
acid solution at 120°C for 15 h. The membranes were taken
out and wiped with tissue wipes. After drying at 100°C for
12 h, PA uptake and the length, width, and thickness of each
sample were measured immediately. Each type of mem-
branes was tested for three samples, and the average value
was reported. The PA uptake ratio of the membrane was cal-
culated by the following equation:

PAuptake %ð Þ = WPA −WD
WD

× 100%, ð2Þ
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PA-PAEK-cr-PBIPAEK-cr-PBI
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Scheme 2: Schematic diagram of the preparation procedure of the PA-doped 3D network structural PAEK-cr-PBI membrane.
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Figure 2: 1H NMR spectra of (a) PAEK-COOH and (b) PBI-4NH2.
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where WPA is the weight of the PA-doped membrane and
WD is the weight of the undoped dry membrane. The dimen-
sional swelling ratio of the membrane was calculated by the
following equations:

Sarea %ð Þ = APA − AD
AD

× 100%,

Svolume %ð Þ = VPA −VD
VD

× 100%,
ð3Þ

where AD and VD represent the area and volume of the dry
membrane, respectively, and APA and VPA represent the area
and volume of the wet membrane, respectively, after being
immersed in 85 wt% phosphoric acid solution at 120°C.

2.4.4. Thermal Stability. The thermogravimetric (TGA) curves
of membranes were obtained by Pyris 1 TGA (PerkinElmer)
under the nitrogen atmosphere. All the samples were pre-
heated at 100°C for 2h to eliminate the absorbed water and
organic solvents before testing. Then, the samples were tested
from 50 to 800°C with a heating rate of 10°Cmin-1.

2.4.5. Oxidative Stability. To test oxidative stability, the
undoped membrane samples were immersed into Fenton’s
reagent (3% H2O2 solution containing 4 ppm Fe2+) at 80°C
for 40 h; then, the samples were removed from the solution
and dried in a vacuum oven at 120°C for 12h. Each type of
membranes was tested for 3 samples, and the average value
was reported. The residual weight of the samples represented
the oxidative stability [18, 41].

2.4.6. Proton Conductivity. The proton conductivities of PBI,
PAEK-cr-PBI, and PAEK-cr-PBI@PBI membranes were mea-
sured by electrochemical impedance spectroscopy (EIS) using
a PGSTAT204 electrochemical workstation (AUT50992,
AUTOLAB). The membrane sample was immersed in
85wt% PA solution for 12h at room temperature before test-
ing. The impedancemeasurement was performed under anhy-
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Figure 3: Schematic representation of the possible crosslinking structures of the PAEK-cr-PBI membrane.
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Figure 4: (a) Photographs and (b) gel content of membranes after
the solubility test in NMP at 90°C for 12 h. (1) PBI, (2) PAEK-cr-
PBI, and (3) PAEK-cr-PBI@PBI.
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drous conditions from 120°C to 170°C in the frequency range
of 0.1Hz to 100kHz. The conductivity is calculated by the fol-
lowing equation:

σ = L
R ×W × T

, ð4Þ

where L (cm) is the distance between two electrodes, R (Ω) is
the membrane resistance obtained by a Nyquist plot, and W
(cm) and T (cm) are the width and thickness of the mem-
brane, respectively.

2.4.7. Mechanical Properties. The mechanical properties of
PA-doped membranes were evaluated on a tensile tester
(New SANS, Shenzhen, China) with a stretching speed of
10mm/min under an ambient atmosphere. The size of all
the samples is 6mm × 40mm. Before testing, the PA-doped
membranes were dried in a vacuum oven at 100°C for 24 h
to remove any absorbed water or organic solvents. Each type
of membranes was tested for 4 samples, and the average value
was reported.

3. Results and Discussion

3.1. Chemical Structure Identification. From the GPC analy-
sis, the number and weight average molecular weights of
PAEK-COOH were 40,000 and 92,000 gmol−1, respectively.
This result suggests that the polymer possesses a high enough
molecular weight to form a membrane.

The synthesized PAEK-COOH and PBI-4NH2 were ana-
lyzed using 1H NMR (500MHz, DMSO-d6), and the presence
of carboxyl and amino groups was confirmed as shown in
Figure 1. As it can be seen in Figure 2(a), the protons in the
benzene ring of the polymer main chain show chemical shifts

at 7.06, 7.27, and 7.73ppm; the NMR peak at 12.05ppm
comes from the proton in the carboxyl group of PAEK-
COOH. In Figure 2(b), the broad peak at 13.10ppm is attrib-
uted to the -NH proton of the benzimidazole groups. Peaks of
9.05-9.16 ppm are assigned to protons (H1) near the two benz-
imidazole groups. Peaks in the range of 6.93-6.50ppm are
ascribed to aromatic protons of benzene rings (H3′, H4′,
and H5′) at both ends. Peaks in the range of 8.28-7.41 are
attributed to the remaining aromatic protons (H2-6). The
broad peak at 3.55ppm is attributed to protons of the terminal
amino group. The results of peak distribution indicate that the
desired PBI-4NH2 was prepared successfully.

The schematic representation of the possible crosslink-
ing structures of the crosslinked membrane is shown in
Figure 3. Because of the insolubility of the crosslinked mem-
brane (PAEK-cr-PBI), it is difficult to confirm the imidazoli-
zation between PAEK-COOH and PBI-4NH2 by the
conventional analysis.

The solubility test was carried out to ascertain the cross-
linking degree of PAEK-cr-PBI and PAEK-cr-PBI@PBI suc-
cessfully. It is easy to know that if a complete dissolution of
the membrane occurs, there is no crosslinking in the mem-
brane. On the other hand, if the membrane has a residual sam-
ple after a period of immersing, the membrane is approved to
be crosslinked. As shown in Figure 4, PAEK-cr-PBI and
PAEK-cr-PBI@PBI membrane samples maintained the struc-
tural integrity after immersing in NMP at 90°C for 12h. The
weight of the PAEK-cr-PBI and PAEK-cr-PBI@PBI sample
was over 97% after treatment. These results confirm that the
crosslinking occurred between PAEK-COOH and PBI-4NH2.
In addition, there was no significant dissolution of PBI in the
PAEK-cr-PBI@PBI membrane, which may be owing to the
network structure of PAEK-cr-PBI suppressing PBI molecular
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Figure 5: SEMmicrographs of the surface (up) and cross-section (down) of PA-undoped membranes: (a, d) PBI, (b, e) PAEK-cr-PBI, and (c,
f) PAEK-cr-PBI@PBI.
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chain movement. On the contrary, the noncrosslinked mem-
branes (PBI) completely dissolved in NMP in 2h.

3.2. Morphology Analysis. The surface and cross-section mor-
phologies of the prepared membranes were studied using
SEM micrography. In Figure 5, it is observed that PAEK-cr-
PBI and PAEK-cr-PBI@PBI membranes show a completely
homogenous and compact structure without pores as well
as the PBI membrane, which is essential for separating the

fuel and oxidant during fuel cell operation and benefits the
fuel cell performance.

3.3. Thermal Stability. Thermal stability of polymer electro-
lytes is one of the most critical features for long-term durabil-
ity of fuel cells, especially in high-temperature operation. The
thermal stability of PA-undoped and PA-doped membranes
was studied by TGA under the nitrogen atmosphere. As
shown in Figure 6(a), two-step degradation can be observed
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Figure 6: TGA curves of (a) PA-undoped and (b) PA-doped membranes under the N2 atmosphere.

8 Advances in Polymer Technology



in both undoped PAEK-cr-PBI and PAEK-cr-PBI@PBI
membrane samples. The first weight loss beginning at around
250°C was attributed to the degradation of imidazole groups
and carboxyl groups on the side chains, which suggested that
the amino and carboxyl groups do not react completely. The
second step observed at about 470°C was due to the degrada-
tion of the polymer main chain, including poly (aryl ether
ketone) (PAEK) and poly (4,4′-(diphenyl ether)-5,5′-biben-
zimidazole) (PBI). On the other hand, the undoped PBI
membrane decomposed only in one step at around 500°C.
After doping with PA, as shown in Figure 6(b), for all the
membranes, weight loss appeared earlier at about 160°C
because of the dehydration of phosphoric acid. Nonetheless,
the degradation of polymer membranes itself was observed
in the temperature range similar to that of PA-undoped poly-
mer membranes. The TGA results show that both PAEK-cr-
PBI and PAEK-cr-PBI@PBI membranes exhibit excellent
thermal stabilities and can be used for HT-PEMFCs.

3.4. Oxidative Stability. To estimate the long-term stability of
PEMs, the oxidative stability of the membranes was measured
by the Fenton test. During the fuel cell operation, the incom-

plete reduction of oxygen produces HO∙ and HO2
∙ radicals.

Subsequently, these lively radicals attack the skeleton of the
polymer membrane, which causes membrane degradation.
The degradation of the membranes was investigated by deter-
mining the weight loss. As shown in Figure 7, the PAEK-cr-
PBI and PAEK-cr-PBI@PBI membranes show superior oxida-
tive stabilities as compared to the PBI membrane. It is because
the densely crosslinked structure reduces the possibility of rad-
ical species to attack the polymer chain. After 40h of the Fen-
ton test, only 79.9% of the initial weight of the linear PBI
membrane remained. However, the residual weight values of
PAEK-cr-PBI and PAEK-cr-PBI are both more than 95%.
The results indicated that the polymer PAEK-cr-PBI exhibited
excellent oxidative stability.

3.5. PA Uptakes and Swellings. The proton transport of HT-
PEMs depends on the dissociation of phosphoric acid, so the
content of free phosphoric acid has a direct impact on proton
conductivity of HT-PEM materials. The PA-doped mem-
branes were obtained by immersing the dried membranes into
85wt% phosphoric acid solution at 120°C for 15h, and the PA
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Figure 7: (a) Photographs and (b) residual weight of the
membranes after the Fenton test: (1) PBI, (2) PAEK-cr-PBI, and
(3) PAEK-cr-PBI@PBI.

Table 1: PA doping behavior of the membranes.

Membrane PA uptake (%) Sarea (%) Svolume (%)

PBI 231 ± 8 50 ± 2 136 ± 7
PAEK-cr-PBI 193 ± 5 37 ± 2 79 ± 4
PAEK-cr-PBI@PBI 224 ± 6 43 ± 2 124 ± 5
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Figure 8: (a) Photographs of the PA-doped membrane and (b) PA
uptake of the membranes: (1) PBI, (2) PAEK-cr-PBI, and (3) PAEK-
cr-PBI@PBI.
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uptake and swelling ratio of the membrane are summarized in
Table 1. To make it easier to follow, the photographs of the
PA-doped membranes and histogram of PA uptake of the
PBI, PAEK-cr-PBI, and PAEK-cr-PBI@PBI membranes are
shown in Figure 8.

As it can be seen in Figure 8, the highest PA uptake was
obtained by the PBI membrane. However, the PA uptakes of
the membranes synthesized in this study are not disappoint-
ing. As it can be seen in Table 1, the PAEK-cr-PBI and
PAEK-cr-PBI@PBI membranes have a PA uptake of 193%
and 224%, respectively. Obviously, the PAEK-cr-PBI@PBI
membrane, which is the membrane PAEK-cr-PBI blended
with some PBI, did absorb more phosphoric acid than the
PAEK-cr-PBI membrane without PBI.

In respect to the swelling of the membrane caused by
doping PA molecules, the PAEK-cr-PBI membrane showed
a volume swelling of below 80% and an area swelling of below
40%. The low swelling of the PA-doped PAEK-cr-PBI mem-
brane probably benefited from its crosslinked structure and
the skeleton stability of the poly (aryl ether ketone) matrix.
However, the swelling of the membrane with PBI (PAEK-
cr-PBI@PBI) was higher than that of the pristine PAEK-cr-
PBI membrane. That may be due to the enhancement of
PA uptake of the membrane or the plasticizing effect of phos-
phoric acid on the PAEK-cr-PBI framework.

3.6. Proton Conductivities. The proton conductivity measure-
ment was carried out from 120 to 170°C in anhydrous condi-
tion. In order to evaluate the proton conductivity of
crosslinked PAEK-cr-PBI and PAEK-cr-PBI@PBI mem-
branes, the well-documented PBI membrane was selected as
the comparison. In Figure 9, the proton conductivities of all
the membranes increase with the increase in the testing tem-
perature as we expected. It is interesting to see that these

three kinds of membranes have almost the same proton con-
duction ability, which demonstrates that the proton conduc-
tivity of the PAEK-cr-PBI and PAEK-cr-PBI@PBI
membranes is comparable to that of the traditional PBI
membrane. However, there is a change observed in the slope
above 150°C for the proton conductivity curves of all mem-
branes, which may be due to the transformation of a proton
conducting mechanism, because the condensed phosphoric
acids such as the dimer (pyrophosphoric acid (H4P2O7)), tri-
mer (meta- or tripolyphosphoric acid (H5P3O10)), and larger
fused structures were formed when the temperature is over
150°C [1]. Obviously, when the temperature is over 150°C,
the PAEK-cr-PBI membrane with the lowest PA uptake
exhibits the highest proton conductivity, which illustrates
that the 3D network structure of the membrane is conducive
to proton conduction.

3.7. Mechanical Properties. It is well known that the excellent
mechanical properties of HT-PEMs are essential for practical
application. The typical stress-strain curves of the mem-
branes at room temperature are shown in Figure 10, and
the mechanical properties are displayed in Table 2. As shown
in Figure 10, the PA-doped PAEK-cr-PBI membrane exhibits
the best tensile strength of 17MPa among the three kinds of
membranes as expected. In the meanwhile, the PA-doped
PAEK-cr-PBI@PBI membrane also showed fairly excellent
mechanical strength of over 10MPa. However, the tensile
strength of the PA-doped PBI membrane is only about
3.5MPa. These results show that the PA-doped 3D network
structural PAEK-cr-PBI membrane has outstanding
mechanical properties; moreover, it can be used as a support
material to improve the mechanical properties of PA-doped
PBI membrane without reducing the proton conductivity.
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4. Conclusions

In this work, a 3D network structural PAEK-cr-PBI mem-
brane was prepared and investigated as HT-PEMs for HT-
PEMFCs. The 3D network structural membrane PAEK-cr-
PBI and the composite membrane PAEK-cr-PBI@PBI both
showed excellent thermal stability which is suitable for oper-
ation in the high-temperature range of 120~180°C. More-
over, the PAEK-cr-PBI and PAEK-cr-PBI@PBI membranes
exhibit excellent proton conductivities of about 50mS cm-1

at 170°C, which are comparable to those of the traditional
PBI membrane. As an encouraging result, the PA-doped
PAEK-cr-PBI membrane showed superior mechanical prop-
erties of 17MPa than the PA-doped linear PBI membrane,
which is only 3.5MPa. These results show that the as-
synthesized PAEK-cr-PBI gives a highly practical promise
for its application in HT-PEMFCs.
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Table 2: Summary of proton conductivities and mechanical properties of PA-doped membranes.

Membrane PA uptake (%) Proton conductivity (mS cm-1)a Tensile strength (MPa)b Elongation (%)b

PBI 231 ± 8 50 3:5 ± 0:4 15:8 ± 2:4
PAEK-cr-PBI 193 ± 5 52 17:0 ± 0:4 9:7 ± 1:1
PAEK-cr-PBI@PBI 224 ± 6 51 11:4 ± 0:3 19:7 ± 3:2
aMeasured at 170°C and under anhydrous condition. bMeasured at room temperature.
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Here, we describe the synthesis of a CO2-based polycarbonate with pendent alkene groups and its functionalization by
grafting methoxypolyethylene glycol in view of its application possibility in gel polymer electrolyte lithium-ion batteries.
The gel polymer electrolyte is prepared by an in-situ thiol-ene click reaction between polycarbonate with pendent alkene
groups and thiolated methoxypolyethylene glycol in liquid lithium hexafluorophosphate electrolyte and exhibits conductivity
as remarkably high as 2:0 × 10−2 S cm−1 at ambient temperature. To the best of our knowledge, this gel polymer electrolyte
possesses the highest conductivity in all relevant literatures. A free-standing composite gel polymer electrolyte membrane is
obtained by incorporating the gel polymer electrolyte with electrospun polyvinylidene fluoride as a skeleton. The as-
prepared composite membrane is used to assemble a prototype lithium iron phosphate cell and evaluated accordingly. The
battery delivers a good reversible charge-discharge capacity close to 140mAh g-1 at 1 C rate and 25°C with only 0.022%
per cycle decay after 200 cycles. This work provides an interesting molecular design for polycarbonate application in gel
electrolyte lithium-ion batteries.

1. Introduction

Rechargeable lithium-ion batteries manifest enormous daily
influence in electrochemical devices for microchip technol-
ogy, consumer electronics, battery electric vehicles, and
industrial energy storage [1, 2]. The electrolyte, providing
the passage of ions to create the battery current, is a primary
component of lithium-ion battery [3, 4]. Liquid electrolytes
generally consist of lithium salts and organic solvent, includ-
ing ethylene carbonate, propylene carbonate, dimethyl car-
bonate, or diethyl carbonate. These most conventional and
typical volatile organic solvents sometimes produce volatili-
zation and leakage issues during long-term operation [5–8].

Solid polymer electrolytes (SPE), defined as a polymer matrix
dispersed with lithium salts, possess improved safety fea-
tures, minimized dendrite growth, and good processability.
However, the high interfacial impedance, low conductivity,
and high cost on the contrary limit their areal application
[9–13]. As a compromise proposal, gel polymer electrolytes
(GPE) possess advantageous characteristics including high
reliability, nonleakage, as well as high corresponding perfor-
mance. Plentiful polymer matrixes, such as polyethylene
oxide (PEO), [14–16] polyvinyl chloride (PVC), [17, 18]
polyacrylonitrile (PAN), [19, 20] poly(methyl methacrylate)
(PMMA), [21, 22] polyvinylidene fluoride (PVDF), [23–25]
and poly (vinylidene fluoride-hexafluoropropylene) (PVDF-
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HFP) copolymer, [26, 27], have been widely studied as
frameworks in GPE. However, some handicaps, such as low
ionic conductivity and transfer number, of GPE impede the
performance of homologous batteries [28–30]. Various
efforts have been devoted to design and modify polymer
structure in order to improve battery performance [31–34].

Polycarbonates synthesized from CO2 and epoxides have
received considerable attention [35–37]. Conversion of CO2
into economic, environment-friendly, and functional poly-
carbonates has been achieved since the pioneers Inoue and
coworkers in 1969 [38]. Poly(propylene carbonate) (PPC),
one of the most extensively studied CO2-based polycarbo-
nates, has also been studied as GPE due to the similar struc-
ture to conventional carbonate-based solvents applied in
electrolytes. Yu and coworkers prepared PPCMA gel poly-
mer electrolyte by the terpolymer of carbon dioxide, propyl-
ene oxide, and maleic anhydride. The ionic conductivity of
the GPE at room temperature reaches up to 8:43 × 10−3 S
cm−1 [39]. Zhao and coworkers explored a rigid-flexible cou-
pling cellulose-supported PPC polymer electrolyte using
LiNi0.5Mn1.5O4 salt. The polymer electrolyte exhibited wider
electrochemical window up to 5.0V, higher ion transference
number of 0.68, and higher ionic conductivity of 1:14 ×
10−3 S cm−1 with commercial separator at room temperature
[40]. Zhou and coworkers prepared a series of ionic liquid
polymer electrolytes composed of PPC host, LiClO4 and 1-
butyl-3-methylimidazolium tetrafluoroborate (BMIM+-

BF4
−), which exhibits a high ionic conductivity of 1:5 × 10−3

S cm−1 at room temperature [41]. Huang and coworkers
developed poly(propylene carbonate)/poly(methyl methac-
rylate)-coated polyethylene gel polymer electrolyte, poly(vi-
nylidene fluoride)/poly(propylene carbonate) gel polymer
electrolyte, and polybutadiene rubber-interpenetrating
cross-linking poly(propylene carbonate) network gel poly-
mer electrolytes by physical blending methods and the corre-
sponding coin cells achieve good charge-discharge capacity,
cyclic stability, and rate performance [42–44]. In our previ-
ous work, CO2-based and fluorinated polysulfonamide
single-ion conducting CO2-based polymer electrolytes for
lithium-ion batteries has also been achieved, but the Li-ion
conductivity was still low [45, 46].

No relevant research has ever reported GPE conductiv-
ity with the same order of magnitude compared to their
liquid counterparts (σ ≈ 10−2 S cm−1). In this work, we
describe a novel GPE derived from functionalized CO2-
base polycarbonate to improve the lithium ionic conduc-
tivity and battery performance. This GPE was prepared
from the terpolymer of propylene oxide (PO), allyl glycidyl
ether (AGE), and CO2. Functional thiolated polyethylene
glycol (mPEG-SH) was grafted to the side chains through
the thiol-ene click reaction. Compared to normal linear
polycarbonate, the long, flexible branch group of PEG
units benefits segmental mobility, which can improve the
transport of lithium ions. The application feasibility in
high-performance LIBs of this GPE is explored by electro-
chemical stability and ionic conductivity test. A skeleton of
PVDF serves as a supporter and separator to manufacture
composite membrane. The cell performance of the com-
posite GPE was also evaluated.

2. Experimental

2.1. Materials. Propylene oxide (PO) and allyl glycidyl ether
(AGE) were refluxed over CaH2 for 20 hours and distilled
under high pure nitrogen gas before use. Carbon dioxide of
99.99% purity was supplied from a high-pressure cylinder
equipped with copper pipe and relief valves. Zinc glutarate
(ZnGA) catalyst was prepared according to our previous work
[47]. 3-Mercaptopropionic acid (MPA, 99%), methoxypo-
lyethylene glycol (mPEG, average molecular 2000), 2,6-di-
tert-butyl-4-methylphenol (BHT, 99.5%), p-toluenesulfonic
acid (PTSA, 99%), and 2,2-dimethoxy-2-phenylacetophenone
(DMPA, 99%) were purchased from Aladdin. LiFePO4 (MTI
Kejing Co., Ltd), Super P (TIMCAL), and poly(vinylidiene-
fluoride) (PVDF, Arkema) were used as received without fur-
ther purification. Solvents such as methanol, tetrahydrofuran,
dichloromethane, hydrochloric acid, and diethyl ether were all
analytical reagent grade and used without any further
treatment.

2.2. Synthesis of PPCAGE. A 500mL high-pressure autoclave
equipped with a programmable temperature controller and a
stainless-steel mechanical stirrer was used to carry out the
terpolymerization of PO, AGE, and CO2. Typically, 1.0 g
ZnGA catalyst was placed into the autoclave. Then, the auto-
clave with the catalyst inside was sealed and further dried for
6 h under vacuum at 120°C. After cooling down to room
temperature, PO and AGE with 8 : 2 molar ratio were inhaled
into the vacuumed autoclave immediately. Then, the auto-
clave was pressurized to 5.0MPa with CO2 and maintained
at 60°C. After 40 hours, the autoclave was cooled down and
CO2 pressure release following. The primeval polymer was
dissolved in moderate dichloromethane and 0.5 g of BHT
was appended into the solution to prevent the self-
crosslinking phenomenon. The viscous solution polymer
solution acid was poured into high-speed stirred cold ethanol
detergent with 5% hydrochloric until all albus polymer was
precipitated. The purification was repeated twice to
completely remove catalyst and monomers. The ultimate
polymer precipitates (PPCAGE) were dried under vacuum
at 50°C for more than 24 h to pull out the solvent.

2.3. Thiolation of mPEG Using Mercaptoacetic Acid. A quan-
tity of 12.0 g (6mmol) mPEG and 6.36 g (60mmol) MPA
were dissolved in 100mL toluene. The mixture was stirred
and heated to 50°C. Then, 0.109 g (0.6mmol) of PTSA was
introduced into the solution. The thiolation reaction waged
after the solution further heated to 130°C, stirred, and
refluxed overnight in a dean-stark apparatus. A small quan-
tity was analyzed by 1H NMR to verify the complete reaction.
The crude mixture was refined by precipitating in 2 L of
ether. The mPEG-SH intermediate yield was 94% (11.86 g).

2.4. In-Situ Preparation of GPE@PVDF Membrane. Electro-
spun PVDF membrane was obtained according to Huang’s
work [34]. A typical 10% polymer content gel electrolyte pre-
cursor was prepared as follow: 0.202 g (0.33mmol alkene)
PPCAGE, 0.693 g (0.33mmol) mPEG-SH, and 8.45mg
(0.033mmol) of DMPA were dissolved in 8.05 g of 1M LiP-
F6/EC/DMC liquid electrolyte followed by stirring for 4 h till

2 Advances in Polymer Technology



all polymer dissolved. 20μL precursor was added dropwise
onto the PVDF membrane. After 5min soak, the composite
membrane was exposed to UV light (365 nm) for 10min,
then the membrane was ready to test and assemble cell.

2.5. Materials Characterization. 1H NMR spectra of the poly-
mers were recorded by Bruker DRX-500 NMR spectrometer,
using chloroform-d (CDCl3) as solvent and tetramethylsilane
as internal standard. Polymer molecular weight (Mw and
Mn) of resultant product was measured by gel permeation
chromatography (GPC) system (Waters 515 HPLC Pump,
Waters 2414 detector) with a set of columns (Waters Styragel
500, 10,000, and 100,000Å) and chloroform (HPLC grade) as
eluent. Glass transition temperature (Tg) of the samples was
determined from the second heating run by a differential
scanning calorimeter (DSC, Netzsch Model 204).

2.6. Ionic Conductivity Measurement. Ionic conductivities of
the PPCAGE-g-mPEG GPEs were demonstrated by electro-
chemical impedance spectroscopy (EIS). The GPEs were in-
situ prepared in an electrolytic tank in an argon atmosphere
inside a glovebox. The equipment was placed into a self-
designed vessel alongside a temperature controller. Electro-
chemical impedance spectroscopy in the 1Hz to 1MHz
frequency range with an AC excitation voltage of 10mV A
was recorded by a Solartron 1255B frequency response ana-
lyzer in a temperature range of 25 to 80°C after maintaining
the samples at each test temperature for over 1 h till thermal
equilibration state. The bulk resistance can be calculated
according to the equivalent fit circuit model to the data.
The ionic conductivity (σ) was calculated by the equation
as follow:

σ = L
RbA

, ð1Þ

where L is the thickness of the sample, Rb is the bulk resis-
tance, and A is the effective overlap area of the sample.

2.7. Electrochemical Stability Window Measurement. The
electrochemical stability window was determined by linear
sweep voltammetry (LSV). GPE@PVDF membrane was
stacked up with lithium foil as a reference electrode between
stainless steel working electrodes. The tests were performed
between 0 and 6.0V (vs. Li/Li+) at the scan rate of 1mV s-1.

2.8. Assemble LFP/GPE@PVDF/Li Coin Cell. With a weight
ratio of 80 : 10 : 10, lithium iron phosphate (LFP), carbon
black (CB), and PVDF were mixed up and grinded in
NMP. The above mixture was then cast onto aluminum foil
and dried at 80°C to prepare the cathode plate. The loading
of LFP is around 1.7mg cm-2. The battery was assembled by
sandwiched LFP plate, GPE@PVDF membranes (PVDF/li-
quid electrolyte membrane for comparison), and Li wafer
seriatim. Then, the battery was sealed into a 2032 type coin
cell by a tablet press. Charge and discharge tests for all batte-
ries were performed at room temperature in a calorstat. The
upper cut-off voltage was set at 4.0V and the lower cut-off
voltage at 2.5V.

3. Results and Discussion

3.1. Terpolymerization of PO, AGE, and CO2. Terpolymeriza-
tion of PO, AGE, and CO2 (Scheme 1 and Table S1) was
successfully realized using ZnGA as an effective catalyst
under 5.0MPa CO2 atmosphere at 60°C in a high-pressure
autoclave.

The 1H NMR spectrum of purified terpolymers
(PPCAGE) is shown in Figure 1. The chemical shift at 5.1
−5.3 ppm and 5.8 ppm correspond to allyl groups –CH=CH2
from allyl glycidyl ether monomer, showing that the AGE
units were incorporated into the PPCmainchain successfully.
The resonance peaks at 4.2 and 5.0 ppm are assigned to CH2
and CH in the carbonate unit, respectively. The tiny peaks at
3.4−3.7 ppm corresponding to ether linkages indicate that the
terpolymer is an alternating copolymer of epoxides and CO2,
consisting of PO-CO2 carbonate units and AGE-CO2 car-
bonate units. The mole percentage of the AGE-CO2 carbon-
ate unit is 12.2% according to the peak area of the peak at
5.8 ppm and 5.0 ppm. The resulting PO versus AGE ratio
within the terpolymers is higher than the feed ratio, which
illustrates that the polymerization reactivity of PO is higher
than that of AGE.

A unimodal GPC trace of polymer product shown in
Figure S1 indicates the molecular weight of 68400 and
provides the direct evidence that the resulting polymer is a
terpolymer rather than a mixture of PPC homopolymer
and PAGEC homopolymer. Usually, the GPC trace of the
mixture will more likely to be multiplet.

DSCmeasurement shows the amorphous character of the
terpolymers, without any melting point (Figure S2). The glass
transition temperature of the terpolymers is lower than
11.0°C. This is because that AGE units possess a flexible
long pendant group, which favors segmental motion. The
PPCAGE polymer is further functionalized to prepare new
brand gel polymer electrolytes (GPEs). TGA curve of
terpolymer PPCAGE also shows a decomposition
temperature around 300°C (Figure S3).

3.2. Thiolation of Polyethylene Glycol Momomethyl Ether.
Synthesis of thiol-functionalized mPEG-SH (Scheme 2) were
achieved by esterification coupling between the hydroxyl end
of mPEG and the carboxylic acid groups of MPA using PTSA
as catalyst and toluene as solvent.

After precipitating the products in ether to remove MPA
unit and PTSA catalyst, 1H NMR spectra (Figure 2(a)) was
used for product identification. The proton peaks at 1.6–
1.7 ppm correspond to thiol proton. Peaks at 2.7–2.8 ppm
correspond to the proton covalent in methylene next to thiol
group. Peaks at 3.7 ppm correspond to PEG backbone. In
particular, the peaks at 3.7 ppm and 4.3 ppm prove a success-
ful couple between mPEG and MPA. FTIR spectroscopy fur-
ther confirmed that thiol groups are present in the product
(S-H stretch at 2550 cm-1), as shown in Figure 2(b).

3.3. Grafting mPEG on PPCAGE via Thiol−Ene Click
Reaction. Synthesis of PPCAGE-g-mPEG grafted polymer
was successfully realized by a rapid thiol-ene click reaction
with high reaction selectivity and conversion, quick reaction
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rate, as well as moderate reaction conditions. Thiolated
mPEG-SH can be easily grafted onto PPCAGE side chain
via thiol-ene click reaction employing DMPA as photoinitia-
tor in common 1M LiPF6/EC/DMC liquid electrolyte
(Scheme 3).

The 1H NMR spectrum of the resulting mPEG-grafted
pendant polymer (PPCAGE-g-mPEG) is shown in Figure 3.
The methylene proton signals of the pendant mPEG are dis-
tinctly visible at 2.6 ppm and 2.8 ppm, which evidence the
objective functionalization reaction. Disappearance of peaks
at 5.1 to 5.3 ppm and 5.8 ppm corresponding to the proton
in allyl groups –CH=CH2 confirms the complete conversion
of the alkene groups. A photo was taken to show the polymer
solution transform before and after UV-irradiation (inserted
in Figure 3), showing the mixture changed from cloudy solu-
tion into uniform and transparent gel. Another proof is given
by IR and TGA spectrum in Figures S4 and S5.

3.4. Ionic Conductivity of GPEs. Figure 4 and Table S2
demonstrate the correspondence of ionic conductivity (σ)
with temperature and polymer content in GPE. The ion

conductivity of LiPF6 liquid electrolyte is 2:3 × 10−2 S cm−1

at 25°C. Apparently from the experiment result, the ionic
conductivity of GPE decreases with PPCAGE-g-mPEG
polymer content increasing. The value decreases to 2:0 ×
10−2, 1:7 × 10−2, 1:5 × 10−2, and 6:6 × 10−3 S cm−1 when
polymer content is 5wt.%, 10wt.%, 20wt.% and 30wt.%, in
turns. According to the ion conduction mechanism in a
similar system [43, 48], lithium-ion can shuttle back and
forth through the gel layer via both liquid state route and
polymer state route. It is reasonable since the ion
conductivity depends on the concentration of Li+ and
mobility of Li+. The more the PPCAGE-g-mPEG solid
content, the less the concentration and mobility of Li+, thus
the lower the ionic conductivity is. To better understand
the ion conduction behavior in a polymer electrolyte, the
activation energy Ea can be estimated by fitting the curves
in Figure 4 to Arrhenius equation:

σ = σ0 exp
−Ea

RT
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Scheme 1: Terpolymerization of propylene oxide (PO), allyl glycidyl ether (AGE), and carbon dioxide (CO2) catalyzed by ZnGA.
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Where σ is the ionic conductivity, σ0 is a pre-exponential
factor, R is the Boltzmann constant, and T is the
temperature. Ea could be calculated from the slopes of the
linear relationship. The Ea value of the GPE with 5wt.%,
10wt.%, 20wt.%, and 30wt.% polymer contents are in
turns incremental 1.02, 1.21, 1.27, and 1.90 kJmol−1. On the
base of free volume model, the activation energy depends
on the mobility of ion carriers [49]. This is reasonable since
the increase in PPCAGE-g-mPEG polymer matrix content

can affect liquid electrolyte ratio, which involuntarily results
in mobility descension of the carriers.

3.5. Fabrication of GPE@PVDFMembrane. Because of sticky
nature and weak strength of PPCAGE-g-mPEG gel elec-
trolyte, it is hard to scissors into a desire shape. An elec-
trospun PVDF membrane was utilized to be the scaffold.
In the line of the preparation method given in Section
2.4, the grafted polymer gel was incorporated into surface
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Figure 2: (a) 1H-NMR spectrum of mPEG-SH; (b) IR spectrum of mPEG before and after thiolation.
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and pores of PVDF separator to fabricate GPE@PVDF
composite membrane. The morphologies of electrospun
PVDF membrane and the composite gel electrolyte
membrane are clearly observed from SEM images shown
in Figure 5.

The primary PVDF separator has a visibly fibrous and
porous structure. While PVDF skeleton is crop-full by
PPCAGE-g-mPEG gel, the surface of PVDF separator is also
soaked with gel mass. A notable feature is the transformation
of PVDF surface morphology. With increasing polymer gel
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Scheme 3: Synthesis of PPCAGE-g-mPEG grafted polymer.
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concentration, the surface pore can be fully covered by a
PPCAGE-g-mPEG gel layer. The white porous PVDF mem-
brane becomes transparent as shown in Figure 5(d). Sulphur
(root in original thiol group) distribution (Figure 5(c)) indi-
cates a uniform distribution of PPCAGE-g-mPEG in com-
posite membrane.

3.6. Electrochemical Stability of the GPE@PVDF Membrane.
For commercial lithium ion battery, the potential can hit

as high as 4.0V vs. Li/Li+. Therefore, the gel polymer elec-
trolyte (GPE) needs be electrochemically stable at lease
over 4.0V. Figure 6 shows the linear sweep voltammetry
curves of the cells employing GPE (10% polymer content)
@ PVDF membrane as a separator. No rapid rise in cur-
rent is detected till 4.5V vs. Li/Li+ for the GPE@PVDF
membrane, indicating that the gel polymer electrolyte
may be compatible with commercial lithium-ion battery.
The conductivity of the GPE@PVDF membrane is
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calculated to 1:4 × 10−3 S cm−1 from Figure S6. Values of
initial and steady-state currents (I0, IS), and interfacial
resistances (R0, RS) of symmetric Li/Li+ cells with the
GPE@PVDF membrane were evaluated by polarization
curves and impedance spectra as shown in Table S3 and
Figure S7. It is believed that GPE@PVDF possesses better

TLi+ (lithium transference numbers) compared to the
pure PVDF membrane.

3.7. Battery Performances. The applicability of the
GPE@PVDF membrane was further estimated by cell assem-
bly with metallic lithium foil anode and LFP cathode.

5.0 𝜇m

(a)

5.0 𝜇m

(b)

(c) (d)

Figure 5: (a) SEM image of original PVDF separator, (b) SEM image of GPE@PVDF membrane, (c) Sulphur distribution in GPE@PVDF
membrane, and (d) Photos of PVDF separator and GPE @ PVDF membrane.
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Figure 7(a) shows the rate performances of the cells using GPE
(10% polymer content) @ PVDFmembrane at 25°C. Relatively
stable capacities around average 163.4, 150.3, 141.6, 129.4, and
107.2 mAh g-1 are obtained at current rates of 0.2 C, 0.5 C, 1
C, 2 C, and 5 C, in their turns. The capacity at 5C current rate
retains 66% of original capacity at 0.2 C. As the current rate
reverses back to 0.2 C, the initial capacity retains at 161.2
mAh g-1, very close to initial capacity. Figure 7(b) shows the
charge-discharge profiles of rate performance GPE@PVDF
membrane cell. Flat voltage plateaus at around 3.5V for battery
charging and 3.4V for battery discharging correspond to Fe3+/-
Fe2+ reversible redox couple reaction on the cathode [33]. At the
initial charge or discharge stage, the terminal voltage of the bat-
tery rises or drops rapidly. The higher charge-discharge rate is,
the faster battery voltage rises or drops. When the battery volt-
age enters a slowly changing platform area, the lower the charge
or discharge rate is, the longer the platform area lasts and the
slower the voltage rises or drops. These features are quite similar
to liquid electrolyte batteries.

Figure 7(c) shows the cycling performances of liquid elec-
trolyte @ PVDF cell and GPE (10% polymer content) @
PVDF membrane cell at 1C at room temperature. Both of
the two cells displayed good cycling performance with trifling
capacity loss over 200 cycles at 1C rate. The specific capacity
of LFP cathode in GPE@PVDF membrane cell remained as
high as 136.4mAh g-1 after 200 cycles with a decay rate of
only 0.022% per cycle. On the contrast, LFP cathode in liquid
electrolyte @ PVDF cells is 130.4mAh g-1 after 200 cycles
with a decay rate of 0.055% per cycle. This result indicates
that GPE @ PVDF membrane cell is more stable. One impor-
tant reason for the decrease of battery stability is the lithium
dendrite formed in the cathode. Polymer gel inhibits the gen-
eration of lithium dendrite and protects the cathode thus the
stability of the battery is improved. On the other hand, a
stable and uniform solid electrolyte interface (SEI) layer
between polymer gel and the cathode can be formed in the
charge and discharge processes. This passivation layer pos-
sesses the electronic-insulating characteristic similar to the
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Figure 7: (a) Rate performance and (b) typical charge−discharge curves at various rates of GPE (10% polymer content) @ PVDF membrane
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solid electrolyte as well as excellent lithium-ion conductivity.
Lithium-ion can embed and strip freely though the passiv-
ation layer without making the cathode corrosion, so as to
improve the stability of the battery.

Figure 7(d) shows the cycling performance of
GPE@PVDF membrane cells. According to the low voltage
polarization and stable cycle capacity, as both electrolyte
and separator, the GPE@PVDF membrane provides good
electrochemical performances for the cell operation. The
competitive results for the electrolyte systems demonstrate
that the PPCAGE-g-mPEG gel electrolyte has potential
applications in lithium-ion batteries applying.

4. Conclusions

Terpolymer (PPCAGE) with alkene pendent can be readily
synthesized by terpolymerization of PO, AGE, and CO2
employing ZnGA as catalyst. This alkene pendent can be
subsequently functionalized via rapid and efficient thiol-ene
click reaction with mPEG-SH in liquid electrolyte, to afford
a new kind of gel polymer electrolyte. The novel gel polymer
electrolyte manifests the highest ionic conductivity as high as
2:0 × 10−2 S cm−1 at 25°C. Meanwhile, LFP batteries with
GPE@PVDF membrane as both separator and electrolyte
show good rate performances and cycling performances. In
conclusion, this work provides an alternative and efficient
way to prepare a brand-new gel polymer electrolyte for lith-
ium battery application utilizing environmentally friendly
PEG grafted CO2-based polycarbonate.
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Covalent triazine frameworks (CTFs) have emerged as new candidate materials in various research areas such as catalysis, gas
separation storage, and energy-related organic devices due to their easy functionalization, high thermal and chemical stability,
and permanent porosity. Herein, we report the successful synthesis of a CTF rich in cyano groups (CTF-CN) by the
solvothermal condensation of 2,3,6,7-tetrabromonapthalene (TBNDA), Na2(1,1-dicyanoethene-2,2-dithiolate), and 1,3,5-tris-(4-
aminophenyl)-triazine (TAPT) at 120°C. XRD, SEM, and TEM characterization studies revealed CTF-CN to be amorphous and
composed of ultrathin 2D sheets. CTF-CN possessed strong absorption at visible wavelengths, with UV-vis measurements
suggesting a band gap energy in the range 2.7-2.9 eV. A 5wt.% Pt/CTF-CN was found to be a promising photocatalyst for
hydrogen production, affording a rate of 487.6 μmol g-1 h-1 in a H2O/TEOA/CH3OH solution under visible light. The
photocatalytic activity of CTF-CN was benchmarked against g-C3N4 for meaningful assessment of performance. Importantly,
the 5wt.% Pt/CTF-CN photocatalyst exhibited excellent thermal and photocatalytic stability. Further, as a nitrogen-rich porous
2D material, CTF-CN represents a potential platform for the development of novel electrode material for fuel cells and metal
ion batteries.

1. Introduction

Energy production and storage are two of the biggest chal-
lenges for the 21st century. There is increasing global
demand for environmentally friendly energy sources, with
the solar-driven splitting of water into H2 and O2 receiving
a lot of attention as a potentially sustainable source of
H2 fuel. Over the past decade, interest in the development
of visible light-driven photocatalysts for hydrogen produc-
tion has grown enormously [1–3]. Graphitic carbon nitride
(g-C3N4), a 2D polymeric material based on heptazine units,
has emerged as the front runner in this field owing to its ease
of synthesis from a variety of nitrogen-rich organic mole-
cules, its tuneable band gap (Eg = 2:2‐2:8 eV) which can be
adjusted by varying the nitrogen level or heteroatom doping,
and the favourable locations of its valence and conduction

band levels (+1.57 eV and -1.12 eV, respectively) [4–6]. The
position of the valence band maximum allows water oxida-
tion (O2/H2O = 0:82V at pH 7), whilst the position of the
conduction band minimum allows proton reduction to H2
(H2O/H2 = −0:41V at pH 7) [7, 8]. H2 production rates can
be greatly enhanced by the addition of a metal cocatalyst
(typically Pt) and a sacrificial hole scavenger (typically meth-
anol or triethanolamine) [9, 10]. A further feature of g-C3N4,
which distinguishes it from many other visible light-driven
photocatalysts, is its excellent stability [11, 12]. Appreciation
of the many favourable attributes of g-C3N4 has prompted
researchers to synthesize molecular analogues, in particular
covalent triazine frameworks (CTFs) which are a special
subcategory of covalent organic frameworks (COFs) [13].
CTFs exhibit many of the same physical and optical proper-
ties as g-C3N4, making them particularly attractive synthetic
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targets as “molecular” heterogeneous photocatalysts for H2
production.

Cote and coworkers first demonstrated the utility of
topological design principles in connecting molecular build-
ing blocks via covalent bonds, thereby creating COFs with
large specific surface areas and low density [14]. COFs are
now widely applied in gas adsorption, gas storage, fuel cell
technology, sensing, heterogeneous catalysis, and photocata-
lytic applications [15]. Kuhn et al. subsequently pioneered
the development of CTFs [13], COFs based primarily on C,
H, and N with high thermal stabilities and permanent poros-
ity. CTFs are superior to many traditional porous materials
(such as zeolites) in hydrogen storage, gas adsorption, gas
separation, and heterogeneous catalysis [16–18]. Triazine
rings have similar aromaticity as benzene rings and high elec-
tron affinities, along with excellent thermal and chemical sta-
bilities making them especially suitable for catalyst and
photocatalyst construction, whilst the presence of nitrogen
in triazine results in a modest HOMO-LUMO separation
allowing for visible light excitation. Kamiya and coworkers
reported that a platinum-modified CTF hybridized with con-
ductive carbon nanoparticles showed excellent activity and
selectivity for oxygen reduction reactions in the presence
of methanol [19]. Ding et al. reported that a palladium-
modified imine-linked COF showed good catalytic activity,
stability, and recyclability for Suzuki-Miyaura coupling
reactions [20]. Bi et al. examined the photocatalytic perfor-
mance of a CTF with a graphene-like layered morphology for
H2 production. In the presence of a platinum cocatalyst, a H2
production rate of ~250μmol g-1 h-1 was realized in 12.5 vol%
TEOA under λ > 420 nm excitation. Huang et al. successfully
synthesized covalent triazine frameworks with benzothiadia-
zoles and thiophene moieties as electron-withdrawing and
electron-donating units, respectively. A remarkable H2 evolu-
tion rate of 6.6mmol g-1 h-1 was achieved under visible light
irradiation (λ > 420 nm) for one of the CTF hybrids synthe-
sized, with the high activity being rationalized in terms of
the improved charge separation that was possible in such
hybrid CTF systems. These studies highlight the enormous
untapped potential of CTFs as visible light-driven photocata-
lysts for H2 production [21]. However, most of the studies
reported in the literature relating to CTF development for
photocatalytic H2 production do not include data for an
appropriate reference photocatalyst under the same testing
conditions [22–24]. This makes it is very difficult to meaning-
fully compare the activity of CTFs prepared by different
research groups in terms of their H2 production performance
[25–27]. More comparative studies are needed, where new
CTFs are tested alongside a reliable catalyst standard, such as
g-C3N4.

A number of studies have shown that the introduction
of cyano groups (-C≡N) into g-C3N4 photocatalysts can
be beneficial for improving the visible light response and
photocatalytic activity [28–30]. Cyano groups have strong
electron-withdrawing properties and thus promote the effi-
cient separation of photogenerated electrons and holes.
Cyano groups also offer a functional group that can easily
be modified chemically to impart additional functionality
into a molecule or a polymer. To date, the synthesis of CTFs

containing an abundance of cyano groups has received little
attention, thus motivating a detailed investigation.

In this work, we aimed to synthesize a novel cyano-
containing CTF (denoted herein as CTF-CN) via a facile sol-
vothermal synthesis method. Our approach involved the reac-
tion of 2,3,6,7-tetrabromonapthalene dianhydride (TBNDA)
with Na2(1,1-dicyanoethene-2,2-dithiolate), followed by the
condensation reaction of the organic product of this reaction
with 2,4,6-tris(4-aminophenyl)-1,3,5-triazine (TAPT) [31–
33]. The reaction scheme and structure of the CTF-CN prod-
uct is shown in Figure 1. The introduction of the conjugated
naphthalene dianhydride units was expected to assist visible
light absorption; the TAPT component would impart stability,
whilst the dicyano groups would offer sites for postsynthetic
modification of the covalent framework. By synergistically
combining these attributes, it was anticipated that a CTF
material with good photocatalytic activity for visible light-
driven hydrogen production could be synthesized [34, 35].

2. Experimental Section

2.1. Materials. 4-Aminobenzonitrile, trifluoromethanesulfo-
nic acid, 2,3,6,7-tetrabromonapthalene, 1,3,5-tris-(4-amino-
phenyl)-triazine, carbon disulfide, N,N-dimethylformamide,
n-butanol, mesitylene, triethanolamine, and all other chemi-
cals were purchased from Aladdin and used without further
purification. For the photocatalytic tests, Milli-Q water
(18.2MΩ·cm) was used.

2.2. Synthesis of 1,3,5-Tris-(4-aminophenyl) Triazine (TAPT).
TAPTwas synthesized via superacid catalyzed trimerization of
4-aminobenzonitrile. Briefly, 4-aminobenzonitrile (0.386g)
was added to a 25mL three-neck round bottom flask
equipped with a magnetic stirrer and N2 inlet. Next, the flask
was cooled to 0°C in an ice bath, after which 1mL of trifluor-
omethanesulfonic acid (11.1mmol) was added dropwise into
the flask over a period of 1 h under magnetic stirring. The
solution was then stirred for further 24 h at room tempera-
ture resulting in the formation of an orange precipitate. After
completion of the reaction, distilled water (10mL) was added
to the mixture under constant stirring, and the mixture neu-
tralized to pH 7 by the addition of 2mol L-1 NaOH solution.
As the pH increased, the orange precipitate dissolved to give
a bright orange solution, with a pale yellow precipitate form-
ing as the pH approached 7. The resultant pale yellow prod-
uct was collected by filtration and then washed repeatedly
with distilled water. The crude product was dried at 80°C
under vacuum for 12h, then purified by recrystallization in
N-methylpyrrolidone (NMP). The recrystallized yellow
TAPT product was dried overnight at 100°C. The purity of
the TAPT product (yield 78.6%) was confirmed by elemental
analysis and 1H NMR spectroscopy.

2.3. Synthesis of Na2(1,1-dicyanoethene-2,2-dithiolate)
(Na2(i-mnt)). Malononitrile (66 g, 1mol) was slowly added
to a stirred solution of sodium hydroxide (80 g) in ethanol
(900mL), with the temperature of the solution being main-
tained at 10°C. Next, carbon disulfide (76 g, 1mol) was added
dropwise over a period of 30min, with the resulting pale
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yellow slurry then stirred for 1 h at room temperature. The
product was collected by filtration, washed repeatedly with
ethanol, and then dried at 80°C in a vacuum oven for 24h.
After drying, the product has a light brown colour and was
mildly hydroscopic.

2.4. Synthesis of the Covalent Triazine Framework with
Cyano Groups (CTF-CN). A 10mL pyrex tube with a screw
cap was charged with 2,3,6,7-tetrabromonapthalene (70mg,
0.12mmol) and Na2(i-mnt) (44.8mg, 0.241mmol). To that
mixture, n-butanol (3.91mL) and mesitylene (1.31mL) were
added. The resulting mixture was then sonicated for 10min
to homogeneously disperse all the reactants. Next, the mix-
ture was heated in an oil bath at 50°C for 1 h, after which
1,3,5-tris-(4-aminophenyl)-triazine (28mg, 0.079mmol) was
added. The pyrex tube was then capped, and the reaction
mixture was heated at 120°C for five days. The molar ratios
of TBNDA, Na2(i-mnt), and TAPT used in the synthesis
were 1.5 : 3 : 1. The obtained black product was collected by
filtration and washed with THF and acetone three times.
The product (CTF-CN) was purified in a Soxhlet apparatus
with MeOH and then dried under vacuum at 120°C for
12 h. The yield was ~90%.

2.5. Synthesis of the Graphitic Carbon Nitride (g-C3N4)
Reference Photocatalyst. A g-C3N4 reference photocatalyst

was prepared by the thermal polymerization of urea. Briefly,
urea (30 g) was loaded into a 100mL alumina crucible, cov-
ered with a lid, and then heated in a muffle furnace from
room temperature to 550°C in air at a heating rate of
2°Cmin-1. The crucible was held at 550°C for 4 h, then kept
in the furnace and allowed to cool naturally to room temper-
ature overnight. A yellow product was obtained.

2.6. Characterization. Elemental analyses on TAPT, TBNDA,
Na2(i-mnt), CTF-CN, and g-C3N4 were performed at the
Campbell Microanalytical Lab (University of Otago, New
Zealand). Attenuated total reflectance infrared (ATR-IR)
spectra were recorded on an ALPHA FT-IR spectrometer
over the 400-4000 cm-1 range. 32 scans at 4 cm-1 resolution
were coadded to produce a spectrum. Powder X-ray diffrac-
tion (PXRD) patterns were collected on a Bruker AXS D-8
Advanced SWAX diffractometer equipped with a Cu-Kα
source (0.15406 nm, 40 kV, 300mA). The scan rate was of
0.02° s-1. 1H nuclear magnetic resonance (NMR) spectra were
recorded on a 400MHz spectrometer (Bruker Ascend
400MHz NMR spectrometer). Samples were dissolved in
deuterated DMSO for the analyses. Thermogravimetric anal-
yses (TGA) were performed on a Linser T6/DTA thermoana-
lyzer instrument. Samples were heated at 10°Cmin-1 under a
nitrogen gas flow. Scanning electron microscopy (SEM)
images were recorded on a high-resolution scanning electron
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Figure 1: Scheme outlining the synthesis of CTF-CN.
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microscope (Philips XL-30S Field Emission Gun scanning
electron microscope). High-resolution transmission elec-
tron microscopy (HR-TEM) images were collected on a
JEOL JEM 2010 transmission electron microscope operated
at an electron accelerating voltage 200 kV. Samples were
dispersed in absolute ethanol; then, 1μL of the resulting
dispersion transferred onto a holey carbon-coated copper
TEM grid for analysis. UV-visible diffuse reflectance spectra
were recorded on a UV 2410PC spectrometer equipped
with an integrating sphere attachment. Fluorescence spectra
were recorded on a RF-5301 PC spectrofluorophotometer
(Shimadzu) with 1.0 cm path length cell. X-ray photoelec-
tron spectroscopy (XPS) data were collected on a Thermo
ESCALAB 250 equipped with an Al Kα X-ray source
(hν = 1486:7 eV). N2 physisorption data was collected at
77K on a Tristar 2020 instrument. Specific surface areas
were calculated from N2 adsorption data in the p/p0 range
0.01-0.1 by the Brunauer-Emmett-Teller (BET) method.

2.7. Photocatalytic Hydrogen Production Tests. Photocatalytic
H2 production tests used a GEL-SPH2N photocatalytic activ-
ity evaluation system. Briefly, CTF-CN or g-C3N4 (25mg)
was dispersed in a H2O :TEOA :CH3OH solution (50mL)
with a volume ratio 85 : 10 : 5. To this dispersion, a certain
amount of K2PtCl6·6H2O was added (sufficient to achieve a
Pt loading of 5wt.%); then, the headspace of the reactor sys-
tem purged with N2 for 1 h under constant stirring. Next, the
system was irradiated using a 300W xenon lamp with a cut-
off filter (λ > 420 nm), which resulted in the photocatalytic
reduction of cationic Pt species to Pt0. H2 evolved during
the Xe lamp irradiation was quantified by gas chromatogra-
phy. An autosampler removed a small portion of the head-
space gas every 30min, which was then directly injected
into a Shimadzu GC 2014 equipped with a TCD detector
and Carboxen-1010 plot capillary column (L × I:D: = 30m
× 0:53mm, average thickness 30μm). H2 evolution was
quantified against an external calibration curve of peak area
versus moles of H2. Photocatalytic tests for each sample were
carried out in triplicate.

3. Results and Discussion

3.1. Characterization of CTF-CN and the g-C3N4 Reference
Photocatalyst. The chemical composition of the covalent tri-
azine framework with cyano groups (CTF-CN) was first
examined by bulk elemental analysis. From Figure 1, it can
be shown that the repeat unit for the polymeric compound
has the chemical formula C54H12O6N12S6. The theoretical
weight percentage for each element in the CTF-CN product
is therefore C, 58.06wt.%; H, 1.08wt.%; O, 8.59wt.%; N,
15.05wt.%; and S, 17.22wt.%. Elemental analysis revealed
the following composition: C, 54.21wt.%; H, 1.18wt.%; O,
10.70wt.%; N, 14.05wt.%; S, 16.06wt.%; Br, 3.01wt.%; and
Na, 0.78wt.%. The results confirmed that CTF-CN was rela-
tively pure with the correct chemical formula C54H12O6N12
S6, along with ~0.4 equivalents of NaBr and 1 equivalent of
H2O. Given that the CTF-CN synthesis was effectively a
one pot reaction, this is a very acceptable product purity.
1H NMR spectroscopy confirmed that the triazine units

derived from TAPT had been successfully incorporated
into the CTF-CN product (Figure S1) with the expected
loss of the amino (-NH2) group protons of TAPT through
condensation reactions with the central anhydride oxygen
of TBNDA. The g-C3N4 reference photocatalyst had the
elemental composition C, 34.98wt.%; H, 1.52wt.%; N,
59.0wt.%; and O, 4.5wt.%, corresponding to a carbon
normalized molecular formula of C3.00N4.34H1.55O0.29, which
is typical for g-C3N4 compounds prepared from urea [3–6].
The data suggests that a g-C3N4 product is nitrogen-
rich, with a significant fraction of the nitrogen having been
protonated (as =NH-, -NH2, or –NH3

+) and a small
amount of surface oxygen present as H2O, -OH, or -CO2H
species. Energy-dispersive X-ray spectroscopy, FT-IR, and
XPS analyses discussed below provided further chemical
composition information about the CTF-CN and g-C3N4
products.

FT-IR spectra for CTF-CN, the building blocks of CTF-
CN, and the g-C3N4 reference photocatalyst are shown in
Figure 2(a). TBNDA was characterized by two intense C=O
stretching modes at 1784 and 1730 cm-1, associated with the
dianhydride groups in the molecule. Bands below 650 cm-1

are associated with C-Br stretching and bending vibrations
in the molecule. Na2(i-mnt) showed a C≡N stretching mode
at 2173 cm-1 and an intense Na-S stretching mode ~497 cm-1.
The peaks seen in the 3200-3450 cm-1 region are O-H
stretching modes of water of crystallization. The FT-IR spec-
trum of TAPT was characterized by peaks at 3318 and
3205 cm-1, which could readily be assigned to the two N-H
stretching modes of the –NH2 groups in the molecule [36].
An in-plane bending vibration for the primary amine groups
is also seen at 1617 cm-1. Other bands at 1604 and 1364 cm-1

seen in the FT-IR spectrum of TAPT are associated with
molecular vibrations of the triazine ring. The triazine ring
vibrations were also present in the FT-IR spectrum of CTF-
CN. However, conspicuously absent in the spectrum of
CTF-CN were the primary amine vibrations characteristic
of TAPT, implying that these groups were removed by reac-
tion on forming CTF-CN. The absence of the intense dianhy-
dride C=O vibrations of TBNDA in the spectrum of the CTF-
CN is consistent with the mechanism proposed in Figure 1,
where the –NH2 groups of TAPT react with the dianhydride
groups of TBNDA in forming the CTF-CN molecular poly-
mer. New C=O stretching modes appear in the region
1640-1680 cm-1 for CTF-CN, consistent with the formation
of imide moieties. The presence of the band at 2215 cm-1

indicates that cyano groups were successfully incorporated
into the CTF-CN polymer through reaction between the
Na2(i-mnt) and TBNDA units. The FT-IR spectrum of
CTF-CN is thus in good accord with the structure depicted
in Figure 1 for the polymer. The FT-IR spectrum of the g-
C3N4 reference photocatalyst was in good accord with prior
literature reports, showing molecular vibrations associated
with the heptazine units in the polymeric compound.

Powder X-ray diffraction data for CTF-CN, the chemical
building blocks used in the synthesis of CTF-CN, and the
g-C3N4 reference photocatalyst are shown in Figure 2(b).
The TBNDA, Na2(i-mnt), and TAPT building blocks were
all crystalline solids, whereas the CTF-CN product was
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amorphous, characterized by a broad XRD feature with a
maximum around 2θ = 26°, which is tentatively attributed
to π‐π interactions between two dimensional polymeric
chains. The lack of crystallinity in CTF-CN was supported
by the absence of lattice fringes in the TEM images of
Figures 3(c) and 3(d). The fact that CTF-CN was not crystal-
line is not surprising, since the structure of the framework
(Figure 1) allows considerable rotation around the C-C
bonds in the TAPT-derived component (i.e., the bonds
between the triazine rings and aromatic rings). The g-C3N4
reference photocatalyst showed characteristic XRD peaks at
2θ = 12:8° and 27.3° which could readily be assigned to the
(001) and (002) reflections, respectively, of crystalline multi-
layered g-C3N4.

X-ray photoelectron spectroscopy was applied to probe
the near-surface region chemical composition of CTF-CN,
the building blocks of CTF-CN, and the g-C3N4 reference
photocatalyst, as well as to examine the nitrogen speciation
in these materials. XPS survey spectra for the different samples
are shown in Figures 2(c)–2(f). Near-surface region chemical
compositions for each sample are summarized in Table S1.
The near-surface region chemical compositions for most of

the materials differed from their bulk composition due to the
adsorption of adventitious hydrocarbons (CxHyOz), which
resulted in an overestimation of the carbon and oxygen
contents in the samples (XPS does not detect H). For
TBNDA, the O :Br ratio was 3 : 2, in good agreement with
theory. For Na2(i-mnt), the Na : S :N ratio was ~1 : 1 : 1, again
in good agreement with expectations. For CTF-CN, the N : S
ratio was 2 : 1, in good accord with the bulk elemental
analysis results. The presence of some surface Br was also
found by XPS for CTF-CN, which was also in accord with
the bulk elemental analysis results (likely present as a minor
NaBr impurity or simply adsorbed bromide ions). High-
resolution narrow scans were also collected over the N 1s, C
1s, and S 2p regions of the samples (Figures 2(d)–2(f), res-
pectively). The N 1s spectrum of CTF-CN was deconvoluted
into 3 components with binding energies of 398.3, 400.3, and
401.9 eV. By comparison with previous XPS literature for
covalent triazine frameworks and related N-heterocyclic
compounds (Table S2) [37, 38], these peaks can readily be
assigned to pyridinic (C-N=C), imidic (C-N-C=O), and
cyano (-C≡N) groups, respectively. Based on the structure
shown in Figure 1 for CTF-CN, the area ratio of the 398.3 :
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Figure 2: (a) FT-IR absorbance spectra for CTF-CN, the starting materials used in the synthesis of CTF-CN, and the g-C3N4 reference
photocatalyst; (b) powder X-ray diffraction patterns for CTF-CN, the starting materials used in the synthesis of CTF-CN, and the g-C3N4
reference photocatalyst; (c–f) XPS data for CTF-CN, the g-C3N4 photocatalyst, and various reference compounds: (c) survey spectra; (d)
N 1s region; (e) C 1s region; (f) S 2p region.
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400.4 : 401.9 eV peaks should be 1 : 1 : 2. The experimental area
ratio determined from Figure 2(d) was 1 : 1 : 0.5, implying that
the near-surface region concentration of cyano groups was
~25% of the theoretical value. This can easily be rationalized
by taking into account the susceptibility of cyano groups to
hydrolysis, resulting in the production of surface amide or
even carboxyl moieties (i.e., ‐C ≡N +H2O⟶ C½O�‐NH2,
then C½O�‐NH2 + H2O⟶ C½O�‐OH+NH3). The C 1s spec-
trum of CTF-CN contained components at 284.9, 286.0, and
288.4 eV, which can be assigned to carbon in aromatic
rings/adventitious hydrocarbons (i.e., aromatic sp2 and sp3

carbons), C-N/-C≡N/C-S species (all of which have similar
binding energies), and N-C=N or N-C=O species, respec-
tively (Table S3) [38]. The S 2p spectrum of CTF-CN
showed two peaks at 163.9 and 165.1 eV in a 2 : 1 area ratio
(S 2p3/2 and S 2p1/2, respectively), with identical peaks being
observed in the S 2p spectrum of the Na2(i-mnt) starting

material. The observation of these peaks in the S 2p
spectrum of CTF-CN provides further experimental evidence
for the successful attachment of the i-mnt groups onto the
TBNDA units in the framework. Taking into account the
surface reactivity of the cyano groups and the adsorption of
adventitious hydrocarbons, it can be concluded that the XPS
data collected for CTF-CN was in reasonable accord with
expectations. The N 1s spectrum of the g-C3N4 reference
photocatalyst showed peaks at 398.3 eV and 400.0 eV, which
can easily be assigned to C-N=C and C-NH-C species [39].
Further weaker peaks at 400.9 and 403.6 eV are assigned to
graphitic N and π⟶ π∗ transitions, respectively. The C 1s
spectrum of g-C3N4 was dominated by at intense peak at
288.2 eV which can readily be assigned to N-C=N species in
the heptazine units of g-C3N4. The peak at 284.9 eV is due to
adventitious hydrocarbons, whilst π⟶ π∗ transitions give
rise to weak features around 293-294 eV.

(a) (b)

100 nm

(c)

20 nm

(d)

(e) (f) (g)

(h) (i) (j)

Figure 3: (a) SEM image of CTF-CN, (b) SEM image of g-C3N4, and (c, d) TEM images of CTF-CN and (e) secondary electron image and
(f–j) energy-dispersive spectroscopy element maps for CTF-CN. Elements mapped were (f) C, (g) N, (h) O, (i) S, and (j) Br.
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Scanning electron microscopy (SEM) and transmit-
tance electron microscopy (TEM) were applied to examine
the morphologies of the CTF-CN and g-C3N4 products
(Figures 3(a) and 3(b)). The as-prepared CTF-CN sample
was found to consist of thin 2D sheets, with the sheets having
a small lateral size and haphazardly assembled into 3D bun-
dles (Figure 3(a)). These bundles could quite easily be broken
up by ultrasonication, with TEM analysis revealing the CTF-
CN sheets to be very thin, suggesting that they possessed
some form of loosely layered structure to achieve thicknesses
of a few nanometers. The g-C3N4 reference photocatalyst
similarly had a characteristic 2D sheet-like structure, with
the lateral size of the g-C3N4 sheets being at least one order
of magnitude larger than the CTF-CN nanosheets.

Energy-dispersive spectroscopy (EDS) was subsequently
applied to examine the element dispersion in CTF-CN.
As shown in Figures 3(e)–3(j), the sample showed a uniform
distribution of C, N, O, and S, with trace amounts of Br
also found. Quantitative EDS analysis revealed that the
ratios of these elements were consistent with the molecular
formula determined from the bulk elemental analysis (i.e.,
C54H12O6N12S6 with a small amount of Na, Br, and O).

Surface area and porosity are important considerations
when developing photocatalytic materials. N2 physisorption
data was collected at 77K for both CTF-CN and g-C3N4.
Nitrogen adsorption-desorption isotherms collected for
CTF-CN are shown in Figure S2. The CTF-CN sample
showed a type II adsorption isotherm under the IUPAC
classification system. The BET specific surface area was
determined to be 96m2 g-1, which was low compared to
areas reported for other crystalline CTF materials. It can
therefore be concluded that CTF-CN does not possess an
ordered microporous or ordered mesoporous structure,
consistent with the XRD analysis which showed the
material to be amorphous. A further possible reason for the

modest specific surface may be blocking of pores by the
abundant cyano groups in the CTF-CN structure. The BET
specific surface area for the g-C3N4 reference photocatalyst
was 108.3m2 g-1. The similarity in surface area between
CTF-CN and g-C3N4 was desirable here, as it meant that
both samples would offer almost the same amount of
surface for light absorption and surface redox reactions
during the photocatalytic tests.

UV-vis transmittance spectra and Tauc plots for CTF-
CN and g-C3N4 are shown in Figures 4(a) and 4(b). CTF-
CN was black, absorbing very strongly across the whole
visible spectrum. Such a wide absorption range was not
surprising, given the fact the polymer contained multiple
chromophores with accessible π⟶ π∗ and n⟶ π∗ transi-
tions (the absorption spectra for the TBNDA, Na2(i-mnt),
and TAPT are shown in Figure 4(c) for comparison). The
g-C3N4 reference photocatalyst had a characteristic absorp-
tion edge ~450nm and an absorption tail extending to longer
wavelengths associated with nitrogen defects. Band gap ener-
gies extrapolated from the Tauc plots for CTF-CN and g-
C3N4 were ~2.8 eV (due to the many different chromophores
in the CTF-CN polymer, exact determination of Eg was chal-
lenging) and 2.7 eV, respectively. It is likely that the Eg value
needed to drive the H2 production reactions using CTF-CN
is probably similar to that of g-C3N4 (i.e., ~2.7-2.8 eV). This
implies that the separation between the CB and the VB (or
alternatively the separation between S1 and S0 states) was
very similar in the two materials.

For many applications involving covalent triazine frame-
works, thermal stability is important. Figure S3 shows
thermogravimetric (TGA) data for TBNDA, Na2(i-mnt),
TAPT, and CTF-CN collected with heating under a N2
atmosphere. Except for Na2(i-mnt), which showed a large
mass loss below 100°C due to the loss of water of
crystallization (3 equivalents of H2O per Na2(i-mnt)), all
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Figure 4: UV-vis absorbance spectra, Tauc plots, and digital photographs for (a) CTF-CN and (b) the g-C3N4 reference photocatalyst. For the
Tauc analyses, it was assumed that both CTF-CN and g-C3N4 are direct band gap semiconductors. (c) Comparison of the UV-vis absorbance
spectra for TBNDA, Na2(i-mnt), and TAPT.
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samples were stable to temperatures above 300°C. It can be
concluded that CTF-CN is thermally very stable.

3.2. Photocatalytic Hydrogen Production Tests. Following the
detailed physicochemical characterization studies of CTF-
CN and g-C3N4 described above, we then focussed on eval-
uating the photocatalytic hydrogen production performance
of these two materials in aqueous media. In a typical exper-
iment, CTF-CN or g-C3N4 (25mg) was dispersed in 50mL
of a H2O :TEOA :CH3OH mixture (containing 10 vol%
TEOA and 5 vol% CH3OH). The H2O :TEOA :CH3OH
solution contained sufficient K2PtCl6·6H2O to achieve a Pt
metal loading of 5wt.% once all the dissolved platinum salt
had been reduced. The catalyst dispersions were stirred in
the dark under a N2 flow for 1 h to remove any dissolved
oxygen, then irradiated by a 300W Newport Xe light source
with a 420 nm cutoff filter. This resulted in the simultaneous
formation of Pt metal nanoparticles on the surface of the
catalysts (see characterization data below) and concurrent
H2 evolution.

Figure 5(a) shows plots of H2 production over time for
the Pt/CTF-CN photocatalyst. The photocatalytic H2 pro-
duction test was carried out over a 4 h period, affording a
H2 production rate of 484.7μmol g-1 h-1 for run #1 (see
Table S4). The reactor was then shielded from the Xe lamp
and purged with N2 for 15min, then again irradiated with
the Xe lamp for 4 h. The H2 production rate for run #2
was 468.4μmol g-1 h-1 and 481.3 and 479.9μmol g-1 h-1 for
the two subsequent runs (i.e., runs #3 and #4). It can
therefore be concluded that the Pt/CTF-CN photocatalyst
was extremely stable under the applied testing conditions,
with no loss in activity observed over a 16h testing period.
Figure 5(b) compares the performance of the Pt/CTF-CN
and Pt/g-C3N4 photocatalysts over the 4 repeat test cycles
(the Pt/g-C3N4 photocatalyst also showed no change in

activity over the 4 cycles). The hydrogen production rate
over the Pt/g-C3N4 photocatalyst was 1088μmol g-1h-1 or
approximately twice that of Pt/CTF-CN when the rates were
normalized by the specific surface area (10.054μmolm-2h-1

for Pt/g-C3N4 versus 4.985μmolm-2h-1 for Pt/CTF-CN).
Benchmarking using the g-C3N4 reference photocatalyst,
which is relatively easy to synthesize, provides a useful indi-
cator of the merits of the Pt/CTF-CN photocatalyst for H2
production. With optimization of parameters such as metal
cocatalyst loading and Pt/CTF-CN dispersion, it is likely
that the performance of the Pt/CTF-CN could be improved
to the level of the 5wt.% Pt/g-C3N4 photocatalyst. Table S5
compares the performance of the Pt/CTF-CN photocatalyst
for H2 production with various other covalent triazine
framework photocatalysts and CTF hybrid photocatalysts.
The data shows that the H2 production activity of Pt/CTF-
CN photocatalyst sits in the middle of the range of reported
values for CTF-based photocatalysts. Again, we urge
caution in comparing the activity of Pt/CTF-CN with the
other systems, due to differences in cocatalyst loading
content, sacrificial agent, presence/absence of cyano groups,
and various other parameters which can all influence H2
production rates as shown in Figure S4. However, it should
be noted that under the same experimental conditions, the
hydrogen production rate of Pt/CTF-CN was nearly four
times that of Pt/CTF (without cyano groups), indicating that
the presence of cyano groups can promote the efficient
separation of photogenerated electrons and holes in covalent
triazine frameworks.

Here, we strongly advocate that researchers in the field
test a Pt/g-C3N4 photocatalyst alongside their Pt/CTF or
Pt/CTF-CN photocatalysts to allow meaningful comparison
of the work of different groups (measurement of apparent
quantum yields is an alternative approach that allows the
work of different groups to be compared, though in our
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Figure 5: (a) H2 production data for Pt/CTF-CN over four successive testing cycles in a H2O/TEOA/CH3OH (85 : 10 : 5 by volume) mixture
under irradiation from a 300W Xenon lamp and (b) plots of H2 production versus time for Pt/CTF-CN and the Pt/g-C3N4 reference
photocatalyst.
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experience is less straightforward than just measuring a
simple reference catalyst under the same testing conditions).
For the interest of readers, Table S6 compares the activity of
our Pt/g-C3N4 photocatalyst for H2 production with prior
literature reports for Pt/g-C3N4 systems.

Regarding the role of the Pt cocatalyst, negligible H2 pro-
duction was observed from CTF-CN or g-C3N4 in the
absence of K2PtCl6·6H2O addition. Clearly, the surfaces of
these materials have high overpotentials for H2 evolution.
K2PtCl6·6H2O was therefore added to the system to produce
the Pt0 nanoparticles by photoreduction. When the Xe lamp
irradiates the photocatalyst dispersion containing Pt(II)
ions, photogenerated electrons are easily transferred from
the photocatalyst to surface-adsorbed Pt(II) ions, resulting
in the reduction of Pt(II) to Pt0. Pt nanoparticles created
on the photocatalyst surface then act as efficient hydrogen
evolution sites since platinum has a high work function
(Φ = 5:65 eV) and a low Fermi level (i.e., a Schottky junction
is formed between the photocatalyst and Pt). As a result,
electrons photogenerated in the photocatalyst migrate onto
the Pt nanoparticles, providing cathodic sites for H2 gener-
ation and suppressing electron-hole pair recombination.
Electron-hole pair recombination was further suppressed
here by using triethanolamine (TEOA) and methanol as sac-
rificial hole scavengers (electron donors). Figures 6(a)–6(d)
show TEM images for the Pt/CTF-CN photocatalyst after
the four successive cycles of H2 production tests depicted in

Figure 5(a). Following, the tests, Pt nanoparticles can be seen
on the surface of the CTF-CN photocatalyst, ranging in size
from 1 to 10nm. In addition, some lattice fringes can be seen
in high-resolution images (Figure 6(d)), which may be due to
Pt nanoparticles or possibly due to partial crystallization of
the CTF-CN during the photoreaction. For the Pt/g-C3N4
photocatalyst, which offered a larger atomic number contrast
between Pt and the support, the Pt nanoparticles were easier
to discern, having sizes ranging from 1 to 8nm (Figures 6(e)–
6(f)). ICP-MS confirmed that the Pt/CTF-CN and Pt/g-C3N4
photocatalysts had Pt loadings in the range 4.6-4.8wt.%, in
good accord with the nominal target loading of 5wt.%. Pt
4f XPS spectra for the Pt/CTF-CN and Pt/g-C3N4 photocata-
lysts are shown in Figure 6(g). For the Pt/CTF-CN photoca-
talyst, the Pt 4f spectrum showed peaks at 71.4 and 76.9 eV in
a 4 : 3 area ratio, which can readily be assigned to the Pt 4f7/2
and 4f5/2 signals of platinummetal (peaks at 69.3 and 70.4 eV
in a 3 : 2 area ratio are Br 3d5/2 and Br 3d3/2 peaks, respec-
tively, of a surface bromide impurity). For Pt/g-C3N4, two
sets of Pt peaks are seen; the peaks at 71.2 and 76.7 eV are
due to Pt0, whereas the peaks at 73.6 and 76.9 eV are due to
Pt(II). The TEM and XPS data for Pt/CTF-CN and Pt/g-
C3N4 thus confirm the in situ reduction of Pt(II) ions to Pt0

on the surface of the photocatalysts under the conditions of
the H2 production tests. FT-IR spectra for CTF-CN and
Pt/CTF-CN (after 16 h of H2 production testing) are shown
in Figure S5. Following the tests, new peaks appear at 3270
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Figure 6: TEM images for (a–d) Pt/CTF-CN following the H2 production tests and (e, f) Pt/g-C3N4. The Pt nanoparticles were formed by the
photoreduction of hexachoroplatinate ions in a H2O/TEOA/CH3OH (85 : 10 : 5 by volume) mixture with photocatalyst exposure to a 300W
Xe lamp. (g) Pt 4f XPS spectra for CTF-CN, Pt/CTF-CN, g-C3N4, and Pt/g-C3N4. For the CTF-CN and Pt/CTF-CN, the Br 3d peaks also
appear in this spectral region (for the curve fits, pink = Br 3d, green = Pt0, and red = Pt2+).
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and 1036 cm-1, consistent with the introduction of surface C-
O-H groups. The introduction of these groups does not
appear to adversely impact the photocatalytic activity of
Pt/CTF-CN, since the H2 production rate did not change
over the 16h of testing (Table S4). Currently, we are
performing apparent quantum yield experiments using
narrow band pass filters on Pt/CTF-CN to explore the
relationship between the CTF-CN electronic structure and
photocatalytic H2 performance.

3.3. Alternative Microwave-Assisted Synthesis of CTF-CN.
Finally, we explored an alternative microwave-based syn-
thesis of CTF-CN. It was hypothesized that by using micro-
wave heating, the kinetics of CTF-CN synthesis could be
enhanced, as has been observed by other groups [40, 41].
Under a nitrogen atmosphere, TBNDA and Na2(i-mnt) were
added to a round bottomed three-necked flask, with DMF
added as the solvent. The flask was then heated at 50°C for
1 h in an oil bath, after which TAPT was added to suspension.
Next, the mixture was transferred to a microwave reactor,
then subjected to 300W microwave irradiation for 30min.
The reaction temperature achieved was ~70°C. Following
the treatment, the contents of the microwave reactor were
poured into ice-cold ethanol, then centrifuged to obtain
the CTF-CN product. The microwave-synthesis method
had a low yield (~10% due to the relatively short reaction
time, compare 90% for the solvothermal synthesis over
5 d), though giving a CTF-CN polymer with a much more
uniform sheet-like structure than the solvothermal method
(i.e., a structure more comparable to g-C3N4), as shown in
Figure S6. Currently, we are evaluating the performance of
the microwave-assisted synthesized CTF-CN for photo-
catalytic hydrogen production. We are also exploring
microwave-assisted synthetic approaches for postsynthetic
modification of CTF-CN by taking advantage of the
reactivity of the cyano groups in the polymer.

4. Conclusion

A novel covalent triazine framework functionalized with
numerous cyano groups was successfully synthesized using
both solvothermal and microwave-assisted methods. The
CTF-CN polymer absorbed strongly across the visible region
and after decoration with Pt nanoparticles demonstrated
very good activity for photocatalytic hydrogen production
in a H2O-TEOA-CH3OH mixture under UV-vis excitation.
A hydrogen production rate of ~487.6μmol g-1 h-1 was real-
ized at a Pt loading of 5wt.%, comparable to that of a Pt/g-
C3N4 photocatalyst under the same testing conditions
(1088.8μmol g-1 h-1). The CTF-CN demonstrated excellent
thermal and photocatalytic stability, with no deactivation
observed even after 16 h testing. In addition, the presence of
the rich cyano groups on the skeleton of CTF-CN provides
an abundance of active sites for further chemical modifica-
tions, thus potentially allowing the synthesis of families of
CTFs using CTF-CN as an intermediate for further applica-
tions such as electrocatalyst development for fuel cells and
batteries [42, 43].
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Supplementary Materials

Figure S1: 1H NMR spectra for (a) TAPT and (b) CTF-CN.
The samples were dissolved in deuterated DMSO for the
analyses. Figure S2: N2 adsorption and desorption isotherms
for CTF-CN collected at 77K. Table S1: summarized XPS
chemical composition data for CTF-CN, its precursors, and
g-C3N4 reference photocatalyst. Data for Pt/CFT-CN and
Pt/g-C3N4 is also included. Table S2: N 1s peak position
for different N environments. Table S3: C 1s peak position
for different C environments. Figure S3: TGA data for CTF-
CN and the starting materials used in the synthesis of CTF-
CN. All data was collected at a heating rate of 10°Cmin-1

under a N2 atmosphere. Table S4: summarized H2 produc-
tion data for Pt/CTF-CN and Pt/g-C3N4 photocatalysts.
Table S5: performance comparison of different covalent
triazine framework- (CTF-) based photocatalysts for H2
production under visible (λ > 420 nm) or UV-visible irra-
diation. Figure S4: (a) H2 production data for CTF-CN with
different cocatalyst Pt contents, (b) H2 production data for
CTF-CN with different sacrifices, and (c) H2 production data
for CTF-CN and CTF (without cyano groups). Figure S5: FT-
IR absorbance spectra for CTF-CN and g-C3N4 before and
after the H2 production tests. During the H2 production tests,
aqueous Pt(II) was photoreduced to Pt0 on the surface of
the photocatalyst. Table S6: summarized H2 production
data for various Pt/g-C3N4 photocatalysts. Figure S6: TEM
images of CTF-CN synthesized using the microwave method.
(Supplementary Materials)
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