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Boosting hydrogen evolution reaction catalytic activity of Pt/C via 
well-designed anion-exchange ionomers 
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Mahmouda, Vikrant Yadava, Chun Yik Wonga  

Ionomer binders are highly important for maximizing the 
performance of the nanoparticle catalysts, yet their development 
has received limited attention. In this study, novel fluorine-free 
anion-exchange copolymer and terpolymer-based ionomers 
containing cyclic and rigid structures were designed to enhance ion 
conductivity and free volume, thereby promoting rapid mass 
transport and improved reaction kinetics for alkaline HER.

    Hydrogen energy is critical to achieving a carbon-neutral society, 
in which water electrolysis is expected to play a pivotal role in 
producing green hydrogen for renewable energy.1-2 Compared to 
alkaline water electrolysis (AWE) and proton exchange membrane 
water electrolysis (PEMWE), which have already been 
commercialized, anion-exchange membrane water electrolysis 
(AEMWE) shows more promise in terms of energy conversion and 
cost efficiency.3,4 The challenges in AEMWE include developing 
better functioning AEMs and cathode catalysts. Although substantial 
effort has been devoted to nonplatinum (Pt) group metal-based 
cathode catalysts, Pt is still a benchmark catalyst for the hydrogen 
evolution reaction (HER) because of its fast reaction kinetics. 
Nevertheless, its activity is ~2 orders of magnitude lower in alkaline 
media than in acidic conditions because of the water dissociation 
step required for hydrogen evolution.5 Although previous research 
on the electrocatalytic HER in alkaline conditions has focused on 
catalysts, ionomer binders are also important in catalyst layers where 
the catalysts, ionomer electrolytes, and liquid water must 
cooperate.6

    Recent progress in AEMs is impressive, particularly in terms of ion 
conductivity and alkaline stability.7,8 However, few studies have 

explicitly explored the role of ionomer binders and their 
optimization.6,9 Well-designed binders must have high ion 
conductivity and alkaline stability, as well as homogeneous catalyst 
dispersion and efficient mass transport (ion transport and gas 
diffusion).10 Nafion, a perfluorinated sulfonic acid polymer, is a 
benchmark proton conducting ionomer that has been widely used as 
a binder in rotating disk electrode measurements for high pH 
electrochemical studies. However, it is unsuitable for accurate 
electrochemical kinetic measurements because of its poor hydroxide 
ion (OH−) conductivity in alkaline environments.11 Therefore, the 
effect of binders on catalytic activity has not been well investigated, 
and the same anionic conducting polymers employed as AEMs are 
utilized in the binders in practical AEMWEs.12,13

    We have previously developed a series of aromatic polymer-based 
AEMs. The QPAF-4 membrane with a perfluoroalkylene backbone 
and pendant ammonium groups, for example, demonstrated high 
OH− conductivity, excellent mechanical properties, and alkaline 
stability, achieving a current density of ~1.0 A cm−2 at a low cell 
voltage of 1.71 V after a 1000-hour durability test.14,15 Tanaka et al.16 
investigated the effect of QPAF-4 ionomers with different ion-
exchange groups (trimethylammonium, ethyldimethylammonium, 
and piperidinium) on the HER/hydrogen oxidation reaction (HOR) of 
Pt (110). Their results showed that the QPAF-4 ionomer with more 
hydrophilic ion-exchange groups (trimethylammonium) increased 
the HER/HOR activity.16 More recently, highly gas-permeable ion-
exchange ionomers, QC6xBA (anionic) and SBAFC6 (protonic), were 
designed by introducing bulky cyclohexyl (C6) groups into the 
polymer backbones, which demonstrated hydrogen and oxygen 
permeability exceeding that of the benchmark Nafion ionomer, 
resulting in high AEMWE and PEMFC performance.17,18

    The high cost and environmental persistence of those 
partially fluorinated ionomers, however, have highlighted the 
need for innovative fluorine-free alternatives.19,20 In the present 
study, inspired by the function of C6 in the ionomers and the 
effect of the pendant ammonium group of QPAF-4 on the 
HER/HOR of Pt (110), bulky cycloheptane (C7) was designed to 
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 Fig. 1. Structures of different ionomers.

combine the hydrophilic fluorenyl scaffold with pendant 
ammonium groups for a new anion conductive binder (C7-QAF). 
Furthermore, 9,9′-spirobi[9H-fluorene] (BSF) with a rigid 
backbone was introduced to produce a large free volume in the 
membranes and facilitate mass transport. Compared to QPAF-
4,14 which exhibited high swelling at an ion-exchange capacity 
(IEC) > 2 mequiv g−1, the C7-QAF and C7-SF25-QAF membranes 
with a higher IEC of 3.0 mequiv g−1 maintained smaller 
dimensional changes while enabling high ion conductivity. The 
C7-QAF and C7-SF25-QAF ionomers were evaluated as binders 
for Pt/C catalysts in the HER. 
    Fig. 1 presents the structural characteristics of different ionomer 
binders, including a benchmark proton exchange membrane (Nafion) 
and a series of anion-exchange ionomers. Our original AEM, QPAF-4, 
with an IEC of 1.5 mequiv g−1 was synthesized according to our 
previous report.14 The successful synthesis of QPAF-4-1.5 was 
confirmed using proton nuclear magnetic resonance (1H NMR) 
spectroscopy (Fig. S1, ESI†). To develop fluorine-free AEM, a 
hydrophobic monomer with a bulky C7 group was synthesized via 
acid-catalyzed condensation and Sandmeyer reactions (Scheme S1, 
Fig. S2, ESI†). Substituting perfluorohexylene biphenylene, a 
copolymer containing hydrophobic C7 and hydrophilic fluorenyl 
groups with pendant ammonium groups was synthesized and 
quaternized (Fig. S3, ESI†). Furthermore, a terpolymer with a bridged 
polycyclic compound (BSF, synthesized as shown in Scheme S2 and 
Fig. S4, ESI†) as another hydrophobic component was synthesized 
with a BSF to C7 molar ratio of 1:3. The 1H spectrum (Fig. S5, ESI†) 
confirmed the theoretical chemical structure of C7-SF25-QAF. The 
molecular weight of the polymer increased slightly with the addition 
of the BSF monomer (Table S1, ESI†). The target IEC of the 
quaternized copolymer (C7-QAF) and terpolymer (C7-SF25-QAF) was 
set at 3.0 mequiv g−1, expecting high ion conductivity. All quaternized 
polymers exhibited good solubility not only in highly polar solvents 
such as N,N-dimethylacetamide and dimethyl sulfoxide but also in 
lower alcohols such as methanol, which is highly beneficial for the 
preparation of catalyst inks and for cleaner catalyst layers with less 
chance of residual solvent contamination. All polymers formed 
transparent and bendable membranes after solution casting. 
    The water uptake and dimensional changes of Nafion and a series 
of anionic ionomer membranes were investigated (Fig. 2a). Water 
uptake (at room temperature) was mostly dominated by the IEC 
value, with the Nafion membrane showing the lowest water uptake. 
Compared to the C7-QAF-3.0 membranes, the C7-SF25-QAF-3.0 
terpolymer membranes displayed higher water uptake because of 

Fig. 2. (a) Water uptake and through-plane swelling at 25°C and 80°C 
and (b) ionic conductivity of Nafion and a series of anionic ionomer 
membranes as a function of titrated IEC.

the higher titrated IEC. The swelling ratio was less dependent on the 
IEC. Compared to the Nafion and QPAF-4-1.5 membranes, the 
fluorine-free C7-QAF-3.0 and C7-SF25-QAF-3.0 membranes exhibited 
smaller dimensional changes despite their higher IEC. Furthermore, 
the dimensional changes were less dependent on temperature for 
the C7-QAF-3.0 and C7-SF25-QAF-3.0 membranes, presumably 
because of the rigid aromatic moieties of the C7 and BSF hydrophobic 
components, providing the potential advantage of long-term 
durability in water electrolysis cells.
    The proton (H+) conductivity of Nafion and OH− conductivity of the 
anionic ionomer membranes were measured in degassed water at 
different temperatures from 30°C to 80°C (Fig. 2b). The Nafion 
membranes exhibited high H+ conductivity (197.7 mS cm−1 at 80°C), 
which was largely attributed to their well-developed phase-
separated morphology with interconnected ionic channels, in which 
protons migrate via the Grotthuss mechanism.21 For AEMs, similar to 
water uptake, the OH− conductivity increased with increasing IEC 
because water molecules also promoted ion transport. The C7-SF25-
QAF-3.0 membranes exhibited the highest OH− conductivity (196.3 
mS cm−1 at 80°C), which was comparable to that of Nafion and higher 
than that of the reported QPAF-4-3.0 (140 mS cm−1 at 80°C),15 C7-
QAF-3.0 (165.8 mS cm−1), and QPAF-4-1.5 (86.9 mS cm−1). These 
results suggest that hydrophobic BSF considerably increased OH− 
conduction in the membranes. Ionomer binders with high ionic 
conductivity are beneficial in rapidly delivering ions to the catalyst 
surface for efficient electrochemical reactions.
    Brunauer–Emmett–Teller (BET) analysis was performed on the 
different ionomer binders (Fig. S6, ESI†) and the results are 
summarized in Table S2, ESI†. Compared to Nafion (6.89 m2 g−1), the 
QPAF-4-1.5 and C7-QAF-3.0 ionomers exhibited lower BET surface 
areas (<3 m2 g−1), with all three ionomers possessing low pore 
volumes (<0.02 cm3 g−1). In contrast, the C7-SF25-QAF-3.0 polymer 
demonstrated a much higher surface area (15.36 m2 g−1) and larger 
pore volume (0.29 cm3 g−1), probably because of the greater free 
volume generated by the rigid nature of the BSF component, which 
in turn might potentially promote mass transport to the catalyst 
surface.22,23 Fig. S7 presents the pore size distribution of the 
ionomers between 0–20 nm. Nafion, QPAF-4-1.5, and C7-QAF-3.0 
exhibited sharp and intense peaks at 3–5 nm, whereas C7-SF25-QAF-
3.0 ionomer showed a broader peak ranging 3–15 nm with 
comparable intensity, suggesting a broader pore size distribution and 
potential pore connectivity. This would contribute to the formation 
of ionic network, thereby improving ionic conduction and catalyst 
utilization.24                   
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    Fig. 3. 1H NMR spectra of the (a) QPAF-4-1.5, (b) C7-QAF-3.0, and 
(c) C7-SF25-QAF-3.0 ionomer membranes after treatment with 4 M 
KOH at 80°C for different times. 

    The alkaline stability of the ionomer membranes was tested in 
harsh alkaline conditions (4 M KOH at 80°C), with the chemical 
structural changes monitored using 1H NMR. Similar to the pristine 
membranes, the alkali-treated anionic ionomers were soluble in 
deuterated dimethyl sulfoxide (DMSO-d6). No additional peaks were 
observed in the 1H NMR spectra of the post-test samples compared 
to the pristine ionomers (Fig. 3). In particular, the lack of peaks at 4–6 
ppm (degradation products from Hoffmann elimination of the 
ammonium groups) and 1.8–2.0 ppm (degradation products from 
nucleophilic substitution of the ammonium groups) indicated the 
stability of the pendant ammonium groups.14 The aromatic main 
chains were also intact. Tables S3 compares the ion conductivity and 
alkaline stability of state-of-the-art fluorine-free AEMs.8,9,25-27 The 
C7-SF25-QAF-3.0 membrane displayed among the highest OH− 
conductivity and competitive alkaline stability under harsh 
conditions.
    A suitable catalyst particles–binder combination is a key to forming 
a homogeneous catalysis layer in the membrane electrode assembly 
to achieve high-performance AEMWEs. The effect of ionomer 
binders on the HER activity was evaluated in 1 M KOH. Fig. 4a shows 
the cyclic voltammograms (CVs) of Pt/C catalysts covered with 
different ionomer binders, in which typical hydrogen 
adsorption/desorption (HUPD) peaks were observed below 0.5 V vs. 
reversible hydrogen electrode (RHE). The electrochemically active 
surface area (ECSA) was calculated from the reduction peak of HUPD, 
in which the QPAF-4-1.5 ionomer exhibited a lower ECSA value than 
the C7-QAF-3.0 and C7-SF25-QAF-3.0 ionomers, probably because of 
the greater hydrophobicity and lower IEC of QPAF-4-1.5 (Table S4 
ESI†). Fig. 4b displays the linear sweep voltammograms (LSVs) 
(geometric current density) of the ionomer-covered Pt/C samples. 
The onset potential for the HER was ~0 mV vs. RHE for all electrodes.  
    The HER catalytic activity was dependent on the covering ionomer.  
For quantitative discussion, overpotential at −50 mA cm−2 was 
compared (Fig. 4c). Nafion–Pt/C exhibited the lowest HER activity 
with the highest overpotential (164 mV) because of its intrinsic H+ 
(but not OH−) conducting properties, resulting in sluggish HER           

Fig. 4. (a) Cyclic voltammograms (CVs) of Pt/C catalyst covered with 
different ionomer binders in 1 M KOH at 50 mV s−1. (b) Linear sweep 
voltammograms (LSVs) of Pt/C catalyst covered with different 
ionomer binders in 1 M KOH at 10 mV s−1 and 3000 rpm. (c) HER 
overpotential at −50 mA cm−2. (d) LSVs of Pt/C catalyst covered with 
different ionomer binders normalized with Pt surface area.

kinetics in alkaline media.13 In contrast, the overpotential with the 
anionic ionomers was much smaller by 28–52 mV. In particular, the 
Pt/C catalyst with the C7-SF25-QAF-3.0 ionomer achieved the lowest 
overpotential (112 mV), followed by the C7-QAF-3.0 (130 mV) and 
QPAF-4-1.5 (136 mV) ionomers. The catalytic activity of the anionic 
binder was in the same order as for the OH− conductivity because 
high ionic conductivity promoted rapid OH− transfer. Fig. 4d presents 
the LSVs with normalized current density by the ECSA of Pt to 
represent the intrinsic HER activity, denoted as specific activity (Js).     
The Pt/C catalysts with anionic ionomers displayed higher HER 
specific activities (e.g., ~1.5–2 times higher current density at −0.1 V) 
than that with the Nafion binder, and C7-SF25-QAF-3.0 ionomer–
Pt/C exhibited the highest specific activity (7.0 mA cm−2

Pt at −0.1 V). 
The QPAF-4-1.5 ionomer–Pt/C sample showed a slightly higher HER 
specific activity than C7-QAF-3.0 ionomer–Pt/C because of its lower 
ECSA value. Then, the Pt mass-based catalytic activity was compared 
(Fig. S8a, ESI†). C7-SF25-QAF-3.0 ionomer–Pt/C exhibited the 
highest activity (4.02 A mgPt

−1 at −0.1 V), which was ~1.9 times higher 
than that of the Nafion–Pt/C sample (2.10 A mgPt

−1 at −0.1 V) and 
~1.4 times higher than those of the QPAF-4-1.5 (2.94 A mgPt

−1 at −0.1 
V) and C7-QAF-3.0 (2.93 A mgPt

−1 at −0.1 V) samples (Fig. S8b, ESI†). 
This suggests improved Pt utilization resulting from the high BET 
surface area and sufficient porosity to facilitate ion transport and gas 
diffusion. The high mass activity enables lower Pt usage when 
applying the C7-SF25-QAF-3.0 ionomer binder in practical AEMWEs.
    In addition, a semicommercial Tokuyama AS-4 anion-exchange 
binder was also evaluated as a reference. As shown in Fig. S9, the 
HER performance of the AS-4–Pt/C catalyst was comparable or 
slightly better than that of the QPAF-4-1.5 and C7-QAF-3.0 based 
systems. The C7-SF25-QAF-3.0 ionomer–Pt/C catalyst exhibited 
significantly enhanced activity with the lowest overpotential, a 1.17-
fold increase in the specific activity, and a 1.22-fold increase in mass 
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activity, highlighting the outstanding catalytic performance of this 
anionic ionomer.
    The morphology of the ionomer-coated Pt/C catalyst was 
investigated by transmission electron microscopy (TEM, Fig.S10). In 
the C7-SF25-QAF-3.0–Pt/C system, the catalyst surface was 
uniformly covered with a thin ionomer layer (~2 nm, yellow dashed 
line), indicating good interfacial compatibility. This conformal coating 
would account for the superior catalytic performance by promoting 
effective catalyst-ionomer interaction and reactant accessibility. In 
contrast, QPAF-4-1.5 and AS-4 binders were less uniform with 
inhomogeneous layer. Scanning electron microscopy (SEM) images 
further revealed pronounced ionomer agglomerates in the QPAF-4-
1.5 and AS-4 based systems, whereas the C7-SF25-QAF-3.0-Pt/C ink 
displayed a well-dispersed morphology uniformly covering Pt/C 
catalyst (Fig. S11). These results reveal a clear correlation between 
the ionomer binder structure and the HER performance of Pt/C. A 
bent and porous backbone would be more compatible with Pt/C than 
the linear perfluorinated systems, which enabled more uniform 
coverage on Pt/C, facilitated fast ion-transport, avoided excessive 
blockage of Pt active sites, and thereby improved the catalytic 
performance. 
    In summary, two novel fluorine-free copolymer (C7-QAF) and 
terpolymer (C7-SF25-QAF)-based anion-exchange ionomers 
comprising C7 groups and a hydrophilic fluorenyl scaffold with 
pendant ammonium groups were successfully designed and 
synthesized as binders for modified Pt/C electrodes. With a high IEC 
of 3.0 mequiv g−1, both ionomers displayed small dimensional 
changes at 80°C, as well as good solubility in high boiling solvents and 
lower alcohols. The C7-SF25-QAF-3.0 terpolymer exhibited OH− 
conductivity (196.3 mS cm−1 at 80°C) that was higher than that of C7-
QAF-3.0 (165.8 mS cm−1 at 80°C) and comparable to the H+ 
conductivity of the benchmark proton exchange Nafion membrane. 
In addition, the inclusion of rigid BSF created more free volume in the 
C7-SF25-QAF-3.0 ionomer, providing a large BET surface area (15.36 
m2 g−1) and pore volume (0.29 cm3 g−1). This in turn promoted good 
mass transport capability to the catalyst surface. As a result, the Pt/C 
covered with the C7-SF25-QAF-3.0 binder demonstrated the highest 
specific catalytic activity in the HER, which was ~2 times higher than 
that of the Nafion–Pt/C sample in alkaline solutions. The high mass 
activity of the C7-SF25-QAF-3.0 binder–Pt/C catalyst offers potential 
to reduce the Pt loading on the cathode in practical AEMWEs. These 
findings emphasize the critical role of anionic binders in alkaline HER 
systems for practical nanoparticle catalysts.
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