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A B S T R A C T   

A poly(p-phenylene)-based multiblock polymer is developed with an oligomeric chain extender 
and cerium (CE-sPP-PPES + Ce3+) to realize better performance and durability in proton ex
change membrane fuel cells. The membrane performance is evaluated in single cells at 80 ◦C and 
at 100% and 50% relative humidity (RH). The accelerated stability test is conducted 90 ◦C and 
30% RH, during which linear sweep voltammetry and hydrogen permeation detection are 
monitored periodically. Results demonstrate that the proton conductivity of the pristine hydro
carbon membranes is superior to that of PFSA membranes, and the hydrogen crossover is 
significantly lower. In addition, a composite membrane containing cerium performs similarly to a 
pristine membrane, particularly at low RH levels. Adding cerium to CE-sPP-PPES + Ce3+ mem
branes improves their chemical durability significantly, with an open circuit voltage decay rate of 
only 89 μV/h for 1000 h. The hydrogen crossover is maintained across accelerated stability tests, 
as confirmed by hydrogen detection and crossover current density. The short-circuit resistance 
indicates that membrane thinning is less likely to occur. Collectively, these results demonstrate 
that a hydrocarbon membrane with cerium is a potential alternative for fuel cell applications.   

1. Introduction 

Fuel cells that utilize polymer electrolyte membranes (PEMFC) are a promising alternative for converting energy. This technology 
can convert energy from hydrogen gas into electricity at approximately 60% efficiency, which is realized by not following the Carnot 
cycle [1]. The electrochemical performance of this method is highly dependent on the activation loss of the catalyst, the ohmic loss of 
the cell, and the loss in the reactant supply [2]. State-of-the-art PEMFCs adopt an ultra-thin membrane (less than 15 μm) to reduce the 
cell’s ohmic loss, which eventually governs the overall performance of the fuel cell [3]. However, the durability of the thin membrane 
is a critical factor in terms of effective commercialization of PEMFCs [4]. In addition, the demand for durable membranes is increasing 
in PEM water electrolyzers (WE) because clean hydrogen generation and renewable energy are required. 

A high-performance membrane is distinguished by its high proton conductivity and durability, both mechanically and chemically 
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[5]. For example, perfluorosulfonic acid (PFSA) has been the benchmark membrane used in PEMFCs and WEs due to its excellent 
properties; however, PFSA loses its mechanical integrity and proton conductivity at temperatures above 100 ◦C due to its lower 
glass-transition temperature (Tg) and the boiling point of water [6]. In addition, the high cost of PFSA due to the perfluorinated nature 
in the polymer backbone limits its practical applicability [7]. Recent environmental regulations implemented by the United States 
(USA) and European governments suppress fluorine chemistry. As a result, sulfonated hydrocarbon-based membranes have emerged as 
a competitive alternative to PFSA membranes because they offer improved durability and incur lower costs for FCs and WEs. 

Generally, hydrocarbon-based membranes comprise an aliphatic or aromatic benzene ring with a C–C and C––C bond linked as a 
backbone. The primary backbone of the sulfonated membranes is poly(ether sulfone) (PES), polysulfone (PSF), poly(aryl ether ketone) 
(PAEK), polybenzimidazole (PBI), and polyimides (PI) [8]. Although PFSA currently outperforms these membranes, recent studies 
have demonstrated significant improvements in their proton conductivity and durability, thereby making them practical alternatives. 
For example, several recent studies have reported proton conductivities approaching or exceeding those of PFSA, which demonstrates 
the potential of hydrocarbon-based membranes as a suitable replacement for PFSA [9,10]. 

Chemical durability is another critical issue for hydrocarbon membranes. For example, sulfonated poly(arylene ether sulfone)s 
(SPES) membranes have been reported to lose the sulfonic acid group when it is in an ortho position to the ether linkage [11]. The 
heterocycle atoms, e.g., sulfone and ketone, are susceptible to chemical degradation even though aromatic polymers require those 
linkages to increase solubility. An SPES membrane can degrade due to the scission of sulfone bridges [12], and, according to Shimizu 
et al. the removal of ketone groups in the hydrophilic structure can suppress the chemical decomposition of sulfonated phenylene poly 
(arylene ether ketone) [13]. Hydrolytic degradation of PI is a primary factor in their degradation [14]. 

Among hydrocarbon membranes, sulfonated polyphenylene receives more attention due to its superior chemical stability 
compared to poly arylene ethers or their derivatives. The aryl-aryl bond composing the backbone has dissociation energy at 479 ± 6 
kJ/mol for biphenyl (C6H5–C6H5) is ~35% higher than that of diphenyl ether (C6H5O–C6H5 = 355 ± 6 kJ/mol) [15], which makes it 
more stable to decompositions. However, polyphenylene also requires heterocycle linkage to increase its solubility to serve as a 
membrane; thus, electron-rich ether groups next to the phenyl ring can be sweet spots for radical attacks [16,17]. In addition, pendant 
phenyl rings are then oxidized to carboxylic acid, which causes polymer degradations via ring-opening [17]. Therefore, the chemical 
stability of polyphenylene must be improved to compete with PFSA, e.g., by modifying its chemical structure or adding external 
chemical stabilizers. 

One method to achieve this involves introducing radical scavengers or antioxidants into the polymer membrane, e.g., a transition 
metal [18,19], organic-metal complex [20], and organic and polymeric molecules [21]. Organic-type antioxidants have been utilized 
previously to improve the durability of polymer electrolyte membranes, e.g., terephthalic acid [22], 3,4-dihydroxycinnamic acid [23], 
and α-tocopherol [24]. Including 2,2′-bipyridine and 2,6-dimethoxy-1,4-benzoquinone in SPES-50 membranes can effectively double 
the lifetime compared to the pristine one [25]. The more extensive version of the organic-type, i.e., macromolecular antioxidants, are 
also effective [26]; however, the most effective antioxidants to date are Ce3+ metal ions. If they were once oxidized by OH• radicals, 
they can be active again after reduction by H2O2. Shin et al. incorporated Ce3+ metal ions into an SPES membrane, and the durability 
was improved five times compared to reference [27]. 

Based on the background mentioned above, an oligomeric chain extender-derived poly(p-phenylene)-based multiblock (CE-sPP- 
PPES, Fig. 1) membrane was synthesized and its PEMWE performance was reported in a previous study [28]. This membrane appears 
to be an effective alternative candidate for PFSA; thus, we modified the membrane with Ce3+ metal ions antioxidants to realize 
enhanced oxidative durability in PEMFC applications. Several investigations have addressed hydrocarbon membranes incorporating 
cerium; however, most studies have primarily focused on characterizing electrolyte membranes. Our present study comprehensively 
assessed the Membrane Electrode Assembly (MEA) performance and Open Circuit Voltage (OCV) durability of hydrocarbon membrane 
with cerium. Our objective is to provide a detailed analysis of the potential impacts of cerium ions during the practical operation of 
MEAs. This approach allows us to extend beyond mere membrane characterization and delve into the nuanced evaluation of overall 
MEA performance and the longevity of OCV under the influence of cerium-containing hydrocarbon membrane. 

The CE-sPP-PPES + Ce3+ composite membranes were tested in single cells at 80 ◦C and 100% and 50% relative humidity (RH) for 
performance tests. In addition, the membrane was exposed to the OCV accelerated stability test suggested by the Department of Energy 
(USA) protocol. During durability tests, the properties of the membrane-electrode electrode assembly (MEA) were monitored via 

Fig. 1. Chemical structure of CE-sPP-PPES membrane [28].  
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hydrogen permeation detection, and linear sweep voltammetry (LSV). We report that the CE-sPP-PPES + Ce3+ membranes out
performed NR 211 in terms of the initial fuel cell performance and long-term stability. 

2. Experimental conditions 

2.1. Materials 

N, N-Dimethylacetamide (DMAc, STBK7012), Bis(4-chlorophenyl) sulfone (BCPS, STBJ8128, Merck), 4,4′-dihydroxydiphenyl ether 
(DHDPE, STBJ3296), toluene (SHBB4678V), triphenylphosphine (TPP, WXBC9640V), nickel(II) bromide (NiBr2, MKCC9410), zinc 
(STBK1875), cerium nitrate hexahydrate, and Aquivion dispersion D72-25BS (MKCG4230) were purchased from Sigma-Aldrich 
(Merck). Nafion NR 211 membranes (thickness ~25 μm) were purchased from DuPont, USA, and used as received without modifi
cation. Potassium carbonate (K2CO3, 062321) was purchased from Samchun, South Korea. The electrocatalysts TEC10F50E 
(1016–5731) and TEC61E54 (613–1411) were purchased from Tanaka, Japan and N-Methyl-2-pyrrolidone (NMP, IBS111) and hy
drochloric acid (HCl, LC2112) were purchased from Duksan Pure Chemicals, South Korea. In this study, 4-Chloro-4′-fluo
robenzhophenone (CFBP), 2,5-dichloro-4′-fluorobenzhophenone (FDCBP), and 2,5- dichloro-3′-sulfobenzhophenone (SDCBP) were 
synthesized following the process described in the literature [29]. 

2.2. Synthesis of polymers 

Hydrophobic oligomers with three different terminations were synthesized according to the literature [28]. To prepare an 
OH-terminated oligomer, the DMAc solution containing K2CO3, BCPS, and DHDPE was mixed with toluene in a round bottom flask at 
160 ◦C. Then, the toluene was removed through the Dean–Stark trap after 3 h. Heating continued at 165 ◦C for 16 h followed by 
removal of K2CO3. The mixture was then poured into methanol to obtain the products. Here, the OH-terminated oligomer was purified 
by washing it with hot methanol and hot water, and then drying overnight in a vacuum oven. The chlorobenzophenone (CBP)- and 
dichlorobenzophenone (DCBP)-terminated oligomers were synthesized in a similar manner, except the reaction occurred at 130 ◦C for 
16 h and 150 ◦C for 2 h, respectively. Note that both oligomers contain an OH-terminated oligomer as a precursor with CFBP and 
FDCBP for the former and latter, respectively. 

For polymer synthesis, a catalyst comprising NiBr2, TPP, and zinc was mixed with anhydrous DMAc in a reaction flask equipped 
with an oil bath under an inert atmosphere at 80 ◦C with stirring. The anhydrous DMAc solutions containing SDCBP-, CBP- and DCBP- 
terminated oligomers were injected into the catalyst solutions after the color changed from light brown to reddish-brown. After 15 h of 
polymerization at 80 ◦C, the solution was precipitated in an ethanol and 10% HCl solution. The CE-sPP-PPES polymer with 2.0 meq/g 
ion exchange capacity (IEC) was purified by washing with hot ethanol and hot water, and then dried in a vacuum oven at 80 ◦C. 

2.3. Membrane preparation 

The electrolyte membrane was fabricated using the solution casting method. Cerium nitrate which was calculated based on sul
fonated group on polymer were dissolved in 5 mL of DMSO, The CE-sPP-PPES polymer was dissolved in NMP, and 2.5 mol% Ce3+

Solution (relative to IEC) was added for the composite counterpart (CE-sPP-PPES + Ce3+). The solution was then filtered using a 
syringe filter with a 5-μm PTFE filter membrane, cast on a clean glass plate using a casting accessory, and dried at 70 ◦C for 8 h. The 
dried membrane was then peeled by immersion in deionized water. Finally, the membrane was immersed in a 1.5 M H2SO4 aqueous 
solution at room temperature for 24 h to change the membrane to proton form. Here, the film thickness was controlled to 42 or 15 μm. 

2.4. Membrane-electrode assembly preparation 

The pristine sulfonated poly(p-phenylene)–based multiblock polymer with oligomeric chain extender (CE-sPP-PPES) membranes 
(thickness: ~15 μm) was used as a control with the NR 211 membranes. The MEA was prepared by laminating the membrane with an 
electrode using the decal transfer method. The PFSA ionomers were sprayed onto the surface of the membrane to realize better decal 
transfer for the hydrocarbon membrane. The electrodes were made of Aquivion D72 and carbon-supported PtRu electrocatalyst 
(TEC61E54) for the anode and carbon-supported Pt electrocatalyst (TEC10F50E) for the cathode. The PtRu electrocatalyst was selected 
because it has a greater tolerance to CO2 than Pt. CO2, an impurity in H2 gas, can catalytically transform into CO and poison the catalyst 
surface, thereby reducing the performance [30,31]. The membrane-electrode sandwich was hot-pressed at 120 ◦C and 30 bar for 20 
min, resulting in a catalyst loading of approximately 0.25 mgPtRu/cm2 at the anode and 0.25 mgPt/cm2 at the cathode. Then, the 
MEAs were assembled into single cells (InWooTech, South Korea) with a graphite bipolar plate, which provided a 25 cm2 active area 
and a gas diffusion layer of 10 BC (SGL Carbon, Germany; 420 μm thickness, one side Microporous Layer (MPL), hydrophobized 
substrate (5 wt% PTFE), no hydrophobic coating). The single cell was pressed at 5.5 kgf/cm2 and then connected to a temperature and 
humidity controller. 

2.5. Fuel cell performance tests 

We tested the fuel cell performance of the MEA at 80 ◦C, 100% and 50% RH using a Biologic HCP 803 potentiostat (BioLogic, 
France). Conditions for performance test and the following test is summarized in Table 1. Prior to conducting this test, the MEA was 
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activated overnight by holding the voltage at 0.8 V, 0.4 V, and 0.6 V to increase the kinetics of the charges in the electrode. The 
performance test began by withdrawing current from the cells as voltage scanned from OCV to 0.3 V and reversely with a 5 mV/s scan 
rate. The scanning process was performed 10 times, and LSV was measured to obtain the gas crossover of the membrane. This pro
cedure is described in detail in Section 2.7. 

2.6. Oxidative accelerated stability test 

The condition of Accelerated Stability Test (AST) and in-situ analysis is shown in Table 1. Here, the OCV of MEA was recorded 
under 200 sccm H2 and 420 sccm air at 90 ◦C and 30% RH. The MEA properties were monitored every 100 h by measuring the 
hydrogen permeation (HP) and LSV. The amount of 200 sccm H2 gas permeating through the membrane was detected using the Fast 
Thermal Conductivity Analyzer FTC300 (Messkonzept GmbH, Germany) under 1000 sccm N2. The HP unit was converted from ppm to 
Barrer to remove the thickness effect as follows [32]: 

P=
q × t

A × Δp
(1)  

Here, P is the permeability (Barrer), q is the mass flux of gas through a membrane (cm3(STP).sec− 1), which can be derived by con
verting flux in ppm (1 ppm = 1

106L.min-1 = 1
106 ×

103

60 cm3 .sec-1) of area A (cm2) and thickness t (μm), under a partial pressure gradient 
Δp (cmHg or atm) across the membrane. 

2.7. Electrochemical characterization 

The electrochemical properties were measured using the BioLogic HCP 803 potentiostat/galvanostat. 

2.7.1. Linear sweep voltammetry 
LSV was conducted after the voltage of MEA was stable below 0.2 V; however, the N2 continued to flow in the cathode during 

measurement. At a rate of 1.0 mV/s, the voltage scanned from 0.1 to 0.6 V to withdraw the gas crossover current. Extrapolation of the 
data line from 0.4 V to 0.5 V serves two pieces of information. The y-axis offset signifies the crossover current density/jcrossover (mA/ 
cm2), determined by hydrogen permeation through the membrane. The inverse of the gradient reflects the short-circuit resistance/Rsc 
(mΩ.cm2), indicating the membrane’s electron transport capability. Lower Rsc values suggest direct electron passage, indicating 
membrane thinning. These properties can be utilized to determine the status of the membrane. 

2.7.2. Electrochemical impedance spectroscopy 
The potentiostatic EIS was measured by scanning a 0.2 V potential difference with a frequency from 50 kHz to 5 Hz under 200 sccm 

H2 and 1000 sccm N2. From the Nyquist plot, the interception of the curve to the x-axis indicates high-frequency resistance (HFR). 

3. Results and discussion 

3.1. Fuel cell performance of CE-sPP-PPES membranes 

3.1.1. Performance of pristine CE-sPP-PPES membrane 
In our previous study [28], we found that the CE-sPP-PPES membrane performed better than Nafion 115 in the PEMWE. Unlike WE, 

which uses preheated liquid water [33], FC only uses humidified gas to feed into the MEA. Partial humidification will avoid excessive 
swelling in the MEA or membrane, which will result in premature dimensional stability issues and performance decay [34]. Fig. 2 
shows the performance curve of the pristine CE-sPP-PPES membranes compared to the Nafion NR 211 membrane at 80 ◦C and 100% 
and 50% RH. The CE-sPP-PPES (15 μm) membrane demonstrated better performance than Nafion NR 211. As shown in Table 2, the 
current density at 0.6 V (j @ 0.6 V) is 1337 mA/cm2 for the former, which is higher than the 1039 mA/cm2 result for the latter. In 
addition, the thicker CE-sPP-PPES (42 μm) exhibits the lowest performance, i.e., 454 mA/cm2. A similar trend is also exhibited by the 
HFR data in the lower part of Fig. 2 and in Table 2, which confirms the consistency of the results. However, considering the difference 

Table 1 
Conditions of the performance, accelerated stability tests (ASTs) and in situ analyses.  

Step Gas Flow (NmL/min) Temperature (◦C) Relative Humidity (%) Gas Pressure (Pa) 

Anode Cathode 

Activation H2 350 Air 1500 80 100 Ambient (1.01 × 105) 
Performance 100 & 50 
Electrochemical Impedance Spectroscopy H2 200 N2 1000 
Linear Sweep Voltammetry H2 200 N2 1000 
AST H2 200 Air 420 90 30 
Hydrogen permeation H2 200 N2 1000 
Linear Sweep Voltammetry H2 200 N2 1000  
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in membrane thickness and cell performance, these results do not appear straightforward. Thus, it is necessary to utilize the 
through-plane conductivity parameter to compensate for the thickness, which is derived by converting the area resistance HFR (mΩ. 
cm2) into conductivity σ (S/m) as follows [35]. 

σ =
l

R × A
=

l
HFR

, (2)  

where l (μm) and A (cm2) are the thickness and area of the membrane, respectively. Additional details about the conversion are shown 
in Table S1, and the results are plotted in Fig. 3. 

The in situ through-plane conductivity of NR 211 from this experiment is approximately 0.041 S/cm (at 1000 mA/cm2), which 
differs from previously reported results because it is highly dependent on the membrane history and measurement conditions [36]. For 
example, Soboleva et al. reported that the ex situ through-plane conductivity of Nafion NR 211 is 0.059 S/cm, which is similar to the 
in-plane conductivity due to the isotropy of NR 211 [37]. However, in-plane conductivity measurements conducted by the same group 
using the same setup, but performed by Peron et al. yielded a higher value of 0.13 S/cm [38], representing a discrepancy of greater 
than 50%. In the former case, the membranes were soaked in DI water for 24 h, and the impedance data were recorded in water. In the 
latter case, the impedance data were humidity-dependent, and the membranes were equilibrated for 2 h under vapor exposure. These 
differences have a significant impact on conductivity measurements. In addition, Slade et al. noted a substantial variation in the 
conductivity of Nafion 117 measured by different research groups [36]. Thus, it is not surprising that the conductivity of NR 211 
observed in the current study differs from previous findings. Note that the membrane used in this experiment was utilized as received 
without modification, and the decal transfer process involved hot-pressing, which can alter the morphologies and surface properties of 
NR 211, thereby inducing non-negligible reduction of the through-plane conductivity [39,40]. 

From the results shown in Table S1 and Fig. 3, it is obvious that CE-sPP-PPES membranes have higher through-plane conductivity 
than Nafion NR 211, i.e., up to 40% higher, which validates its superiority compared with PFSA. As confirmed by a previous report 
[28], the multiblock structure of this poly(p-phenylene)-based copolymer with 2.0 meq/g exhibited better proton conductivity in the 
fully swollen condition. In the previous study, transmission electron microscopy images suggested the microphase-separated 
morphology of the CE-sPP-PPES membranes [28]. However, it is still not as strong as the phase separation of Nafion, as demon
strated by the SAXS data from the same report. The higher IEC of the hydrocarbon membrane appears to significantly compensate for 
the abovementioned disadvantages in terms of better membrane performance. 

In Fig. 3 (a), unlike NR 211 and the thicker CE-sPP-PPES (42 μm), the thinner CE-sPP-PPES (15 μm) membrane exhibits a variation 
in its conductivity according to the current density. For example, at 50 mA/cm2, the 15-μm membrane exhibits 0.045 S/cm in its 

Fig. 2. Fuel cell performance (upper) and ohmic resistance (lower) of pristine CE-sPP-PPES membranes at 80 ◦C and (a) 100% and (b) 50% RH.  

Table 2 
Properties of MEA during fuel cells performance test.  

Membranes OCV j 
@ 0.6 V 

Tafel slope HFR 
@ 50 mA/cm2 

HFR 
@ 1000 mA/cm2 

jcrossover Rsc 

(V) (mA/cm2) (mV/dec) (mΩ.cm2) (mΩ.cm2) (mA/cm2) (mΩ.cm2) 

80 ◦C 100% RH 
NR 211 (25 μm) 0.909 1039 − 52 66 62 1.25 729 
CE-sPP-PPES (15 μm) 0.937 1337 − 43 33 28 0.13 633 
CE-sPP-PPES (42 μm) 0.928 454 − 94 77 78 0.11 3571 
80 ◦C 50% RH 
NR 211 (25 μm) 0.910 680 − 56 151 132 1.37 315 
CE-sPP-PPES (15 μm) 0.933 878 − 49 125 85 0.45 1666 
CE-sPP-PPES (42 μm) 0.951 139 − 129 358 – 0.01 4545  
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conductivity, whereas it shows 0.054 S/m at 1000 mA/cm2. Note that a very similar trend is observed under the 50% RH condition, 
although the 45-μm membrane does not appear to be sensitive to current density. Such variation may be due to the higher water 
diffusion of water from the cathode and osmotic drag to the cathode [41,42]. That water balance is complicated to predict exact water 
uptake of the membrane in the operating cell; thus, we estimate that the thinner membrane is more sensitive to water balance due to its 
thickness. A possible postulation is that the 15-μm membrane exhibits a lower ion conductivity at 50 mA/cm2 than at 1000 mA/cm2 

when exposed to 100% and 50% RH. This behavior is attributed to the greater back diffusion of water from the cathode of the MEA, 
where, at higher current densities, the diffusion of water moving due to back diffusion can exceed the water flow driven by the osmotic 
drag. Consequently, a higher ion conductivity value is observed at high current densities. Note that similar behavior has been reported 
in the literature [36,43], where the HFR of the MEA is a function of membrane thickness and current density. Nevertheless, we can 
conclude that CE-sPP-PPES outperformed the Nafion membrane in terms of conductivity under the 100% RH condition, which is in 
good agreement with the results of the ex situ conductivity test. 

However, the Tafel slope differs among those MEAs. As shown in Table 2 and Fig. S1, CE-sPP-PPES (15 μm) exhibits the lowest Tafel 
slope, i.e., − 43 mV/dec, followed by Nafion NR 211 and CE-sPP-PPES (42 μm) at − 52 mV/dec and − 94 mV/dec, respectively. This 
trend is somewhat similar to j @ 0.6 V and HFR. Even though identical electrodes were used, their properties could differ, possibly due 
to the difference in how the ionomer developed during activation. According to Christmann et al. the amount of water in the MEA can 
accelerate activation [44]. Even though the proton conductivity of the bulk membrane plays a subordinate role in the activation, water 
diffusion can affect catalyst activity during the break-in of the MEA [45]. Data in Table S2 support this idea where catalytic mass 
activity of CE-sPP-PPES (15 μm) is significantly higher than that of other MEAs despite comparable ECSA. It can also naturally 
restructure the ionomer to reorganize itself toward a relaxed state [46]. Thus, a thinner membrane MEA could have a lower Tafel slope, 
as shown in Table 2. 

Fig. 3. Conductivity of CE-sPP-PPES versus NR 211 membrane at 80 ◦C and (a) 100%, and (b) 50% RH.  

Fig. 4. LSV of pristine CE-sPP-PPES vs NR 211 membrane at 80 ◦C and (a) 100% RH and (b) 50% RH.  
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3.1.2. Membrane’s hydrogen permeation 
The LSV quantifies two parameters, i.e., the crossover current density, which represents the amount of gas/hydrogen crossover 

through the membrane, and the short-circuit resistance, which explains how effectively the membrane blocks the electron from 
moving from one electrode to the other, typically depending on the membrane’s thickness [47]. The LSV curve from the pristine 
CE-sPP-PPES membrane is shown in Fig. 4. The CE-sPP-PPES curve is located below 1 mA/cm2 and is clearly in a lower position than 
the Nafion NR 211 membrane, approximately 2 mA/cm2. Generally, the CE-sPP-PPES membrane has lower gas permeation than the 
NR 211 membrane. The crossover current density (jcrossover) and short-circuit resistance (Rsc) values are shown in Table 2. As can be 
seen, the CE-sPP-PPES membrane has lower jcrossover at 0.13 mA/cm2 and 0.11 mA/cm2 for thicknesses of 15 μm and 42 μm, 
respectively, which is lower than the NR 211 membrane at 1.25 mA/cm2. Consequently, the OCV of the CE-sPP-PPES membrane is 
higher than that of Nafion, i.e., 0.937 V (at 15 μm) and 0.928 V (at 42 μm) vs. 0.909 V (Nafion), respectively. 

Naturally, the hydrocarbon membrane has a lower gas crossover than PFSA due to the polymer molecule structure made of a phenyl 
ring (benzene) and its high glass-transition temperature [48]. This structure enables polymer molecules to become stacked so closely 
and tightly that a small amount of free volume is left for gas to permeate the membrane [49]. In contrast, Nafion has a PTFE backbone 
and a long side chain in its polymer structure, which allows more free volume and low glass-transition temperature [50]. In addition to 
its superior proton conductivity, the CE-sPP-PPES membrane exhibits lower gas permeation, thereby making it even more valuable in 
fuel cells. 

3.1.3. Cerium effect on membrane performance 
Incorporating cerium is meant to increase membrane durability; thus, its effect on the membrane or MEA performance is expected 

to be nonexistent or negligible. The fuel cell performance of the composite CE-sPP-PPES + Ce3+ membranes is shown in Fig. 5, and the 
detailed information is given in Table 3. The I–V curve of the composite CE-sPP-PPES + Ce3+ membranes overlaps that of the pristine 
one in the low-mid current density, which indicates that the performance of the catalyst (low region) of both MEAs is similar. The 
graph of the Tafel slope in Fig. S2 and the details given Table 3 further confirm that the Tafel slope of the composite CE-sPP-PPES +
Ce3+ (15 μm) is comparable to that of the pristine one. These results demonstrate that the presence of cerium in the membrane does not 
affect catalyst performance. 

As shown in Fig. 5, the performance of the composite CE-sPP-PPES + Ce3+ membrane is slightly lower than that of the pristine 
membrane. Despite having the same thickness as the pristine membrane, the composite membrane shows lower I–V performance under 
high current density. 

The current density at 0.6 V (j @ 0.6 V) of the composite membrane is 1011 mA/cm2 and 767 mA/cm2 at high and low RH, 
respectively, which is lower than that of the pristine counterpart (Table 3). For better analysis, the HFR at 50 and 1000 mA/cm2 is 
converted to through-plane conductivity to be the same as the pristine membranes, as shown in Table S2 and Fig. 6. The composite CE- 
sPP-PPES + Ce3+ membrane exhibits lower conductivity than the pristine membrane, even though it has the same thickness. Some 
researchers have reported that cerium induces crosslinking among sulfonic groups to suppress its proton conduction [51]. We also 
observed a similar phenomenon [27,52], where the through-plane ion conductivity of the electrolyte membrane containing cerium 
was low. Similarly, as shown in Fig. 6, the difference in conductivity according to current density observed in the cerium-free elec
trolyte membrane can be observed in the electrolyte membrane containing cerium. Perhaps, at high current densities, water movement 
appears to occur somewhat similarly regardless of the presence of cerium. Typically, current density increases correlate with increased 
water generation at the cathode. This phenomenon induces back diffusion, consequently elevating the ionic conductivity of the 
electrolyte membrane. Notably, our observations suggest that the back diffusion phenomenon manifests uniformly, irrespective of the 
presence or absence of cerium. This implies that the influence of current density on water generation and subsequent back diffusion 
remains consistent, emphasizing the inherent behavior of the system, irrespective of cerium’s presence. 

Fig. 5. Fuel cell performance (upper) and ohmic resistance (lower) of composite CE-sPP-PPES + Ce3+ membranes at 80 ◦C and (a) 100% and (b) 
50% RH. 
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3.2. Accelerated stability test of CE-sPP-PPES+Ce3+ membranes 

3.2.1. Effect of cerium on CE-sPP-PPES + Ce3+ membranes durability 
OCV is used to indicate the membrane status (i.e., the oxidative durability) because it is susceptible to the amount of crossover gas 

through the membrane. The potential difference between the cathode and anode is maximum when no or fewer gases permeate the 
membrane. When gas permeation occurs due to a damaged membrane, e.g., gases mix at either electrode, thereby causing mixed 
potential, the OCV is reduced. The initial OCV of fresh MEA, which is related to the initial gas permeation, indicates the inherent 
property of the membrane. Fig. 7a and Table S3 show that the initial OCV of the pristine and composite CE-sPP-PPES + Ce3+ mem
branes are very similar (approximately 0.98 V), which indicates that their inherent properties in terms of gas permeation are 

Table 3 
Properties of composite CE-sPP-PPES + Ce3+ membrane-based MEAs during performance tests.  

Membranes OCV j 
@ 0.6 V 

Tafel slope HFR 
@ 50 mA/cm2 

HFR 
@ 1000 mA/cm2 

(V) (mA/cm2) (mV/dec) (mΩ.cm2) (mΩ.cm2) 

80 ◦C 100% RH 
CE-sPP-PPES (15 μm) 0.937 1337 − 43 33 28 
CE-sPP-PPES + Ce3+ (15 μm) 0.942 1011 − 51 40 36 
80 ◦C 50% RH 
CE-sPP-PPES (15 μm) 0.933 878 − 49 125 85 
CE-sPP-PPES + Ce3+ (15 μm) 0.953 767 − 52 125 115  

Fig. 6. Conductivity of composite CE-sPP-PPES + Ce3+ membranes at 80 ◦C and (a) 100% RH and (b) 50% RH.  

Fig. 7. (a) Open-circuit voltage and (b) hydrogen permeation of composite CE-sPP-PPES + Ce3+ versus pristine counterpart and NR 211 membranes 
during AST at 90 ◦C and 30% RH. 
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comparable. However, the NR 211 membrane has a much lower initial OCV at 0.89 V due to its higher gas permeation, which is 
confirmed in Fig. 7b. The effect of cerium on the long-term durability of CE-sPP-PPES membranes is shown in Fig. 7a. As can be seen, 
the composite CE-sPP-PPES + Ce3+ maintains OCV for 1000 h of AST. With only 89 μV/h of average OCV decay rate, as shown in 
Table S3, the CE-sPP-PPES + Ce3+ (15 μm) membranes lasted at 0.90 V in the final OCV. In addition, the pristine CE-sPP-PPES 
membranes finish at 0.75 V with 222 μV/h of average OCV decay rate, representing approximate three times faster degradation 
rate than the composite membrane. This result elucidates that cerium effectively scavenges free radicals that boost CE-sPP-PPES 
membranes’ durability. It is even better when compared to the NR 211 membrane, which only lasts 600 h at 0.64 V with a much 
higher average OCV decay rate (414 μV/h). These results reveal that pristine CE-sPP-PPES membranes are much more durable than NR 
211 membranes, and adding cerium enhances the durability to an even higher level. 

Numerous previous studies have discussed how cerium effectively increases membrane durability. For example, Endoh [51] 
philosophically elaborated that the cerium cation can reduce hydroxyl radicals into water molecules and regenerate to the original 
ionic state after oxidation by H2O2 [51], which is what makes cerium active continuously. In addition, Gubler et al. [53] supported this 
concept theoretically. However, in hydrocarbon membranes, the rate constant for HO• radicals to attack the aromatic units is in the 
order 109–1010 M− 1s− 1, which is much faster than that of the scavenging reaction with cerium, i.e., 3.108 M− 1s− 1 [54]. As a result, the 
half-life of free radicals is relatively too short, i.e., approximately 20 ns, compared to microseconds in PFSA, which is insufficient to 
scavenge a considerable amount of HO• radicals. Radical scavenging by cerium is supposedly less effective in hydrocarbon membranes 
than in PFSA [55]. In contrast, the findings of the current study demonstrate that cerium has an excellent effect on the durability of 
hydrocarbon membranes. Experimental studies performed by other groups have shown similar results [52,56,57]. 

3.2.2. In situ analysis during OCV holding test 

3.2.2.1. Hydrogen permeation. The HP of the composite CE-sPP-PPES + Ce3+ membranes is shown in Fig. 7b. Initially (i.e., at 0 h), the 
pristine and composite hydrocarbon membranes have relatively low HP at beginning of the OCV test, <350 Barrer, which is half of that 
of the NR 211 membrane (700 Barrer). Note that this exactly matches the LSV analysis in the initial MEA performance test. The pristine 
CE-sPP-PPES membrane shows relatively stable HP until 500 h, and it increases gradually for the duration of the test. In contrast, the 
NR 211 membrane increases abruptly after 300 h due to severe chemical degradation. The cerium enhances the chemical durability of 
the CE-sPP-PPES + Ce3+ membranes significantly. The composite CE-sPP-PPES + Ce3+ membranes exhibit very stable and comparable 
HP across the AST. In addition to less radical production, the presence of cerium in the composite membrane can suppress the existence 
of radicals [51]. In turn, the membrane becomes safe and can maintain HP. As mentioned in Section 3.2.1, these results match the OCV 
curve. 

3.2.2.2. Linear sweep voltammetry. In addition to the HP, LSV results are included to observe the membrane’s gas permeability during 
AST, as shown in Fig. S3. Analysis from LSV graphs provides crossover current density (jcrossover) and short-circuit resistance (Rsc), as 
shown in Fig. 8. In line with the HP and OCV data, the jcrossover of the hydrocarbon membranes is comparable and stable during the AST, 
which suggests that they are chemically stable, and that the crossover current density is maintained. Unlike the hydrocarbon mem
branes, the NR 211 membrane’s jcrossover value increases significantly after 300 h, indicating severe membrane degradation. In 
addition, as shown in Fig. S3 (a), at 600 h, the LSV curve stopped at 0.3 V due to critical damage. 

In addition, membrane degradation can be observed from the short-circuit resistance (Rsc) behavior [47] in the upper part of Fig. 8. 
The electrolyte membrane is supposed to transport only protons or become an electron barrier; thus, the electronic resistance of the 
membrane is expected to be as high as possible [2]. The pristine and composite CE-sPP-PPES membranes have higher Rsc than NR 211 
across the AST despite having lower thickness, exhibiting results of 591 mΩ.cm2, 909 mΩ.cm2, and 17 mΩ.cm2 at the end of the test, 
respectively. These results suggest better chemical stability in the pristine and composite CE-sPP-PPES membranes. Moreover, the 
combination of an increased jcrossover and decreased Rsc makes the LSV of NR 211 lifted and tilted, as shown in Fig. S3(a). 

4. Conclusion 

Our research demonstrates that the superior performance of the CE-sPP-PPES membrane over Nafion NR 211 in fuel cell appli
cations is a significant advancement in polymer electrolyte membrane technology. This membrane exhibits enhanced current density 
at 0.6 V and a reduced Tafel slope, indicative of improved proton transport and catalyst activity. Its through-plane conductivity, up to 
40% higher than that of Nafion NR 211, further validates its superior performance characteristics. Additionally, the CE-sPP-PPES 
membrane shows lower gas crossover, higher open-circuit voltage (OCV), and better durability, making it a more effective and reli
able alternative for fuel cell membranes. Incorporating cerium into the CE-sPP-PPES membrane presents a nuanced outcome; it does 
not significantly affect the catalyst performance but slightly decreases conductivity and overall cell performance at high current 
densities. However, this is counterbalanced by a significant increase in chemical durability. The composite CE-sPP-PPES + Ce3+
membrane’s OCV comparison suggests it possesses enhanced chemical durability compared to the pristine and perfluorosulfonic acid 
(PFSA) membranes. This balance of high performance and durability underlines the potential of the CE-sPP-PPES + Ce3+ membrane 
as a pivotal material in fuel cell technology. 

Our findings underscore the potential of the CE-sPP-PPES + Ce3+ membrane in advancing fuel cell technology, positioning it as a 
highly innovative alternative to traditional membrane materials. The study paves the way for further research and development efforts 
aimed at optimizing the performance of this membrane, particularly in high-current density applications, and exploring its integration 
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into commercial fuel cell systems. This membrane’s unique combination of performance characteristics and durability makes it a 
promising candidate for next-generation fuel cell applications, offering a pathway towards more efficient, durable, and cost-effective 
fuel cell technologies. 
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