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Abstract

Alkaline polymer electrolyte (APE) is the core component of modern alkaline hydrogen and oxygen fuel cells, and
its single ion conductor nature makes the “electrode/APE” interfaces different from the conventional “electrode/so-
lution” interfaces in terms of ion distribution, electrical double layer structure and polarization behavior. Due to the
complexity of the APE and the associated solid—solid interfaces, fundamental investigations are challenging and
deeper understanding of the structures and properties of such interfaces is in the infant stage. In this work, we aim to
investigate the double layer structure from the aspects of differential capacitance curve and potential of zero charge
(PZC) at the electrode/QAPPT (quaternary ammonia poly(Nmethyl-piperidine-co-p-terphenyl) interface. Cyclic vol-
tammetry, electrochemical impedance spectroscopy (EIS) and microelectrode-based immersion techniques were
employed. The differential capacitance curves of Pt/QAPPT interfaces exhibited an asymmetric U-shaped feature with
a minimum at the potential which is consistent with the PZTC measured by the immersion method. The capacitance
raised less quickly on the negative than the positive sides of the PZTC. These results reflect the characteristics of the
single ion conductor and role of alkaline polyelectrolytes in modifying the double layer structure of the electrode/APE
interfaces.
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1. Introduction [3,4]. APE is a single ion conductor, in which only

the OH™ anions can move freely while the cations

Alkaline anion exchange membrane fuel cell
(AEMFC) is the most promising technology in
terms of sustainable hydrogen-based energy utili-
zation [1,2]. The structures and properties of the
electrode/APE interfaces where reactions are tak-
ing place play pivotal important roles in the reac-
tion kinetics and thus the performance of AEMFCs

are confined in the framework of the polymer with
a limited degree of spatial flexibility; and its
interface formed with the electrode is solid—solid
like, which makes the interfacial structure
complicated and different from those of conven-
tional “electrode/solution” interfaces in terms of
ion distribution and structure of the electrical
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double layer. However, fundamental in-
vestigations of such interfaces are challenging, and
most of the existing researches focused on the
development of APE [5,6], and thus, deeper un-
derstanding of the structures and properties of
such interfaces is still in the infant stage.

Differential capacitance of an electrochemical
interface is an important property of the electrical
double layer (EDL). The differential capacitance
curve (differential capacitance as a function of
applied potential) contains rich information about
structural change of the electrical double layer due
to such as ion adsorption. Potential of zero charge
(PZC) is another intrinsic property of electro-
chemical interface and reflects the interfacial charge
behavior. In the case that no interfacial charge
transfer occurs, the PZC will correspond to the
point where the truly free, electronic excess charge
density on the metal surface equals zero [7,8].
Alternatively, when adsorption processes involving
partial charge transfer occur at metal-electrolyte
interface, the potential at which the sum of the free,
electronic excess charge density and the charge
density transferred by adsorption processes equals
zero is defined as potential of zero total charge
(PZTC). According to Gouy-Chapman-5Stern (GCS)
theory [9], the capacitance minimum of the differ-
ential capacitance curve in a dilute electrolyte so-
lution is located at PZC (or PZTC). In this case, the
PZC can be determined from the capacitance min-
imum. However, such a conclusion might not be
directly applied to the electrode/APE interface and
therefore independent measurements on PZC is
necessary to understand the feature of the differ-
ential capacitance and its meaning to the structural
change of the associated EDL.

Some sophisticated experimental strategies have
been developed to determine the PZTC of platinum
electrodes, including the uses of CO and N,O as
probe molecules [10,11], and detection of the water
adsorption [12,13] by infrared spectroscopy. On the
other hand, the PZTC of metal electrode can also be
determined by the so-called immersion method
initially developed based on dropping mercury
electrodes developed by Czajkowski and coworkers
[14]. By this method, a freshly prepared electrode is
rapidly brought to contact with the electrolyte at a
pre-applied potential, and the current required for
charging the EDL is recorded. The PZTC is then
spotted at the potential with sign change of the
charging current. This technique appears to be
simple and has been mostly used in an aqueous
solution [15] and ionic liquid systems [16—18] since
it was proposed. Some PZTC values of dilute
aqueous electrolyte solutions obtained by the dif-
ferential capacitance minimum are in excellent

agreement with the PZTC values obtained by im-
mersion technique. The PZTC values of Au(111)
[15] and Pt(111) [19,20] in HC1O, solutions obtained
by the above mentioned methods were also in
excellent agreement with the minimum of the cor-
responding differential capacitance curve. Howev-
er, most of the methods developed for aqueous
electrolyte solutions cannot be used directly for
determining the PZTC of electrode/polyelectrolyte
interfaces due to the challenges brought by the
illiquidity of the polyelectrolyte.

In this work, we employed Pt microelectrodes for
investigation of the electrical double layer of Pt/
APE interfaces, based on the measurements of dif-
ferential capacitance curve and PZTC. The use of
microelectrodes ensures good contact between the
electrode and the solid-polymer electrolyte; and the
impedance contribution from the microelectrode is
assumed to be dominant compared to that of the
much bigger counter electrode. The fitted capaci-
tance value as a function of potential is U-shaped
and the curve exists a minimum at potential which
is consistent with the PZTC measured by the
microelectrode-based immersion technique. The
asymmetric feature of the U-shaped differential
capacitance curve, with capacitance rising less
quickly on the negative than the positive sides of
the PZTC, disclosed the nature of the single ion
conductor of anion polyelectrolyte. Our work
demonstrated the advantageous of microelectrode
for studying the electrode/polyelectrolyte interfaces
and verified that the PZTC is located near the
capacitance minimum of such interfaces.

2. Experimental
2.1. Materials

Potassium hydroxide (KOH) and sulfuric acid
(H,SO,) were purchased from Sinopharm Chemical
Reagents Co., Ltd. The APE employed in this work
was quaternary ammonia poly(Nmethyl-piperi-
dine-co-p-terphenyl) (QAPPT) polyelectrolyte pro-
vided by EVE Institute [21], and the related
parameters are shown in Table 1.

Table 1. Basic parameters of anion exchange membrane QAPPT.

QAPPT aYeYe U

OH-QAPPT

oH 'i‘\
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OH™

Ion exchange capacity (IEC)
Ionic conductivity
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Two differently grafted QAPPT membranes, i.e.,
95% and 75% of grafting, were employed for
electrochemical measurements. The grafting de-
gree indirectly reflects the anion concentration in
an APE membrane, and lower grafting degree
corresponds to lower anion concentration. Deion-
ized water (18.2 MQ-cm, Milli-Q, Millipore) was
used throughout the work.

2.2. The pretreatment process of anion exchange
membrane

For ion exchange to OH™ form, the QAPPT
membranes were immersed in 1 mol-L~! KOH
solution at 60 °C for 24 hours and then washed
with deionized water for several times until the
rinse water was neutral. The membrane was stored
in 0.1 mol-L ™" KOH.

2.3. Preparation of Au-AuO, quasi-reference
electrode

Au-AuO, electrode was prepared by potentio-
static polarization. The preparation procedures are
outlined as follows:

@ Soak a polycrystalline Au cylinder (3.58 mm
in  diameter) in  piranha  solution
(Vi,so, : Vo, = 7:3) overnight, clean it
with deionized water and dry it.

@ Prior to potentiostatic polarization, the Au
cylinder (3.58 mm in diameter) electrodes
were polished with 1, 0.3, and 0.05 pum
alumina sequentially, washed with deionized
water, and finally dried with Ar gas flow.

@ The Au cylinder was used as the working
electrode, gold wire as the counter electrode,
and the electrolyte used was 0.5 mol-L "

@=3.58 mm ."/

Pt electrode “\\E :

PIFE ¢ ||/  LRE

Sl =
Ar 111 QAPPT(50 um)
CE

PTFE

Moist Ar

—

s Pt microelectrode

Fixed plate

H,SO, solution. The potential was kept con-
stant at 3.6 V for 15 minutes until the surface
of the Au cylinder turned to reddish brown.

2.4. Electrochemical measurements

All electrochemical measurements were carried
out using a Metrohm Autolab electrochemical
workstation. A home-built three-electrode elec-
trochemical cell made of PTFE was assembled and
used for cyclic voltammetric (CV) and electro-
chemical impedance spectroscopic (EIS) measure-
ments. A schematic view of the membrane
electrode assembly (MEA) type of electrochemical
cell is shown in Fig. 1(a). The cell consisted of a
25 um Pt microelectrode or 3.58 mm Pt disk elec-
trode, a carbon paper as the counter electrode
placed on a serpentine flow channel, and the
QAPPT membrane was sandwiched between
them. The distance between the working and
reference electrodes was kept short to reduce un-
compensated IR resistance. Prior to the electro-
chemical measurement, the polycrystalline Pt
electrode was polished successively with 1, 0.3, and
0.05 pm alumina powders, washed with deionized
water, and finally dried with Ar gas flow. The EIS
measurements were conducted as a function of
potential within a frequency range from 10° to
0.1 Hz with an amplitude of 10 mV.

All of the measurements were performed at
room temperature, and the electrochemical cell
was placed in a Faraday cage to screen external
electromagnetic noises. Prior to measurements,
humidified Ar was fed to the cell for 1 hour. The Ar
gas penetrated through the polyelectrolyte mem-
brane to the working electrode. All potentials
were initially measured versus the Au/AuO,

O‘IS—b '

@ =25 pum 0.00

-0.13 q
95%QAPPT
0.26 4

012
Cc

0.00 +

=012

j/mA-cm™

024+ 75%QAPPT 4

0.6} 0.1 M KOH -

00 05 1.0 15
E/V vs. RHE

Fig. 1. (a) Experimental set-up to conduct electrochemical measurements for polyelectrolyte system; CV curves of polycrystalline Pt electrode
(diameter 3.58 mm) contacted with 95%-grafted (b) and 75%-grafted (c) QAPPT membranes, and 0.1 mol-L ™" KOH solution (d). Sweep rate:

100 mV-s 1.
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quasi-reference electrode (in contact with a solid-
polymer membrane) or a commonly used Hg/HgO
reference electrode (used in aqueous electrolyte
solutions). The potential of the Au/AuQO, electrode
in contact with a specific QAPPT was calibrated
against the Hg/HgO reference electrode. However,
to avoid possible measurement error introduced
during the calibration procedure or brought by the
variation of the Au/AuQO, in potential, the
hydrogen oxidation and evolution reactions (HOR/
HER) in the corresponding QAPPT were directly
taken to serve as an internal reference; a CV test
was performed after the completion of each EIS or
PZC measurement to determine the potential of
the internal reference against the Au/AuO, quasi-
reference electrode. The potentials quoted in the
text are versus such an internal reference elec-
trode, i.e,, RHE of the system under investigation,
unless otherwise stated.

2.5. Immersion technique based on microelectrode

The immersion technique was carried out using
a Metrohm Autolab electrochemical workstation.
Before the measurement, a home-made 25 um Pt
microelectrode [22] was subjected to quick flame
annealing followed by cooling under Ar atmo-
sphere. Carbon paper and AuO,/Au were used as
the counter electrode (CE) and reference electrode
(RE), respectively. The Pt microelectrode was
rapidly brought to contact with the solid-polymer
electrolyte at a pre-applied potential, and the cor-
responding current for charging the EDL was
recorded. Charge vs. potential curve was con-
structed and potential of zero total charge was then
obtained by linear fitting of the charge vs. potential
plot near the region of charge polarity inversion,
refer to the supplementary information.

3. Results and discussion

3.1. Cyclic voltammograms

Fig. 1(b), (c), and (d) shows the cyclic voltam-
mograms (CVs) recorded under Ar atmosphere at
the Pt disk electrode (3.58 mm in diameter) con-
tacted with two kinds of grafted QAPPTSs, 95% and
75%, and 0.1 mol-L~" KOH solution, respectively.
According to Fig. 1 (b) and (c), the CVs of QAPPTs
remain normal, showing a small IR drop, even
under the relatively fast scan rate of 100 mV sec-
ond". Furthermore, comparing the CVs of the
same Pt disk electrode in QAPPT and KOH solu-
tion, they share similar characteristics but also with
remarkable differences. On one hand, both vol-
tammograms exhibit features similar to those of
polycrystalline Pt electrodes in alkaline medias

[23,24], which validates that the experimental
approach for electrochemical measurements in
polyelectrolyte is reliable and accurate. On the
other hand, the detailed electrochemical behaviors
of Pt electrode at QAPPT membrane are rather
different from that in liquid electrolyte.

In terms of current density, the two kinds of
grafted QAPPT membranes are smaller than KOH
solution. In the hydrogen adsorption region, the
currents associated with hydrogen adsorption and
desorption peaks are lower than those in KOH so-
lution, which may be related to the adsorption of
the toxic residual I introduced during the synthe-
sis of QAPPT [21,25,26]. In the double-layer region,
the charging current in QAPPT is also smaller than
that in the liquid KOH electrolyte. The reasons for
the smaller current observed in QAPPT could be
two-folded: On one hand, the areal density of the
effectively mobile OHin the polymer framework is
usually much lower than that in the 0.1 mol-L ™"
KOH solution, which is a common drawback of
polymer electrolytes including Nafion [2]. On the
other hand, the contact of solid/polymer electrolyte
interface is less sufficient than that of solid/solution
interface because of the illiquidity of poly-
electrolytes, which reduces the actual surface area
accessible to the polyelectrolyte.

Interestingly, the 75%-grafted QAPPT has a
wider double-layer potential range than the 95%-
grafted QAPPT, noting that the former is supposed
to be lower in areal density of the OH™ than the
latter. Another significant difference between the
CVs in the two kinds of electrolytes lie in the sur-
face oxidation region. Compared to the KOH so-
lution, the feature of the surface oxidation process
in QAPPT is less resolvable.

3.2. Differential capacitance curve at Pt/QAPPT
interfaces

As demonstrated in Fig. 2(a), for the 95%-grafted
QAPPT, within the potential range from 0.4 V to
0.85 V vs. RHE, the current is non-Faradaic in na-
ture, and hence may be considered as double layer
region. Accordingly, the EIS measurements were
performed at intervals of 50 mV within the above
potential window. The use of microelectrode can
effectively reduce the impedance interference from
the counter electrode.

According to the Bode plot obtained at 0.76 V in
Fig. 2(b), there are two obvious transitions in the
frequency range between 1 Hz and 2500 Hz, cor-
responding to two interfacial processes. Therefore,
two capacitance processes need to be introduced in
the construction of electric equivalent circuits. To
show more clearly the two capacitive processes, a
complex capacitance plot is adopted. In such a



Journal of Electrochemistry, 2024, 30(3), 2303151 (5 of 10)

160

a b

1E+09 ¢

Phase Angle / deg
-Im(C/pFem™)

A
2500 Hz -

" E
5] C
€ i Pt-95%QAPPT i
B 100 mV/s & Ar & igork
~ o0
2
Ist Cycle
-0.2 2nd Cycle
. - - 1E+05 L .
0.2 0.4 0.6 0.8 0.1 1
Evs.RHE/V

log(f / Hz)

L L "
100 1000 10000

Rc(C/chm'z)

Fig. 2. (a) Cyclic voltammograms obtained at the 25 um Pt microelectrode contacted with 95%-grafted QAPPT in Ar protection with a sweep rate
of 100 mV second™". (b) Impedance spectra measured at E = 0.76 V vs. RHE. Solid lines are the fitted spectra, calculated according to the
equivalent circuit shown in the inset. For the meaning of its elements, see the text. (c) Complex capacitance plots at the potentials indicated. The
10 Hz, 1 Hz, and 0.1 Hz points are marked by crosses; the solid lines are the fitted curves according to the equivalent circuit. The spectra are shifted

along the ordinate for visibility reasons.

representation, two arcs are identifiable as shown
in Fig. 2(c).

Considering the existence of bulk membrane
resistance, parasitic capacitance caused by wires of
the electrochemical workstation and interfacial
dispersion behavior, an equivalent circuit shown in
the inset of Fig. 2(b) was finally adopted to fit the
measured impedance spectra. The equivalent cir-
cuit consists of two RC parallel circuits connected
in series. Each RC circuit corresponds to a relaxa-
tion process, which is consistent with the two-arc
structure in Fig. 2(b). The first RC parallel circuit
pertains to the membrane itself and is represen-
tative of the membrane relaxation process; the
second RC circuit is linked to the interfacial
behavior at the Pt/QAPPT interface.

Impedance spectra within the potential between
0.26 V and 0.86 V were analyzed by fitting the pa-
rameters of the equivalent circuit to the measured
spectra by a non-linear least squares program
using modulus weighting, yielding parameters
such as the bulk membrane resistance and double
layer capacitance. The x? values (residual mean
squares) of the fits were in the order of 1074,
indicating that the curve fitting is adequate. The
constant phase element (CPE) components in
equivalent circuits are associated with two main
parameters: the admittance constant (Y,) and
adjustable factor (n). In almost full range of po-
tential being investigated, the n values are greater
than 0.8, indicating that it represents the capacitive
element under certain frequency dispersion. The
effective capacitance of the interface without
Faraday reaction can be obtained by using the
formula derived by Brug and coworkers for
calculating the effective capacitance of CPE [27]:

1 1
. a1

Ce =Y} Rt

where C is the effective capacitance of CPE, and
R, is the bulk membrane resistance.

The product of the resistance R and capacitance
C is the relaxation time 7. It quantifies the speed of
the capacitive process responding to a potential
change. The shorter the time, the faster the
response. Based on the Bode and complex capaci-
tance plots in Fig. 2(b) and (c), the longer relaxation
time corresponds to the membrane itself and is
representative of the membrane relaxation pro-
cess; the smaller one is linked to the interfacial
capacitance behavior at the Pt/QAPPT interface.
The fitted capacitance and n values as a function of
potential are plotted in Fig. 3(a) for the 95%-grafted
QAPPT system.

As shown in Fig. 3(a), the interfacial capacitance
of the 95%-grafted QAPPT system shows a
remarkable potential dependence in the range of
measurement. The differential capacitance curve of
the Pt/APE interface is U-shaped, and the potential
of capacitance minimum is at 0.51 + 0.06 V. The
differential capacitance increases monotonically at
both sides of the capacitance minimum, but much
slower on the negative side than on the positive
side of the capacitance minimum. In addition, the
differential capacitance is smaller than that in
aqueous solutions, which is, for example, about
20 pF-cm™2 in NaF solution reported by Pajkossy
and Kolb [28] from impedance and capacitance
measurements. This may be understood from two
aspects: one is the illiquidity of polyelectrolytes,
which reduces the actual surface area accessible to
the polyelectrolyte; the other is the intrinsic differ-
ence in the charging and discharging capability
between solid polyelectrolytes and liquid solutions.

To further inspect the influence of ion concen-
tration, we also performed the same measure-
ments for the 75%-grafted QAPPT, in which the
OH concentration is supposed to be lower than
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Fig. 3. The fitted capacitance and n values of the CPE as a function of potential, according to the proposed equivalent circuit shown in Fig. 2(b)
with (a) 95%-grafted QAPPT and (b) 75%-grafted QAPPT. The potentials in both (a) and (b) are versus the RHE of the 95%-grafted QAPPT

system.

that that in the 95%-grafted QAPPT. For the sake of
easy comparison, the potential of the 75%-grafted
QAPPT system is corrected against RHE of the
95%-grafted QAPPT system. As shown in Fig. 3(b)
the capacitance curve of 75%-grafted QAPPT sys-
tem shows similar U-shaped feature and the po-
tential of the capacitance minimum is at
0.52 + 0.05 V. The abrupt dropping in the capaci-
tance and n values at the negative end of potential
is likely caused by the Faradaic processes involved
during the impedance measurement.

3.3. Potential of zero total charge at Pt/APE
interfaces

To verify whether the capacitance minimum is in
accordance with the PZTC, we further measured
the PZTC of the QAPPT systems. Compared to
liquid electrolytes, the complexity of the solid-
polymer electrolyte brings many difficulties in the
determination of PZTC [29,30]. While significant
efforts have been put into improving the properties

of APE, typically the stability and ionic
a 100F 95% QAPPT _—— 101}
o 50 B
£
%
Q 0
=
S =50 041V
031V
100 . . . = 0.11V
0 50 100 150 200

t/s

conductivity, less work has been carried out in
understanding the structure and property of the
electrode/APE interfaces, such as potential of zero
total charge [31—33]. In the present study the
microelectrode-based immersion method was
developed to get an idea about the PZTC of the
electrode/polymer electrolyte interfaces.

In this method, the 25 pm Pt microelectrode after
flame annealing was mounted in the PTFE cell and
connected to an electrochemical workstation as the
working electrode. After checking that the polymer
electrolyte was in well contact with the reference
and counter electrodes, the microelectrode was
brought to contact with the polymer electrolyte, and
the contacting procedure lasted for roughly 1 sec-
ond. The current transient was recorded over
several minutes, including the period of the con-
tacting procedure. Unlike for the case of measure-
ments in aqueous solutions, the transient current
decayed slowly to zero. In addition, as the charge
was obtained by integration, it depended on the
duration of the experiment. As demonstrated in
Fig. 4(b), the integrated charges calculated with the

80
b ] E052V .

40' ' [ ]

o
‘s 20f ]/
[
: 0
Q
3 20t
—
S 40t .
—60 | . y=282.4xx-146.3
. R%=0.9859
_sol 593
0.0 0.5 1.0
E /V vs. RHE

Fig. 4. (a) Integrated immersion charge transients of Pt microelectrode at the pre-set potentials in 95%-grafted QAPPT and (b) the charge in-

tegrated up to 57 as a function of potential.
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Fig. 5. (a) Integrated immersion charge transients of Pt microelectrode at the pre-set potentials in 75%-grafted QAPPT and (b) the charge in-
tegrated up to 57 as a function of potential. The RHE of 95%-grafted QAPPT system is adopted.

first 5t are plotted as a function of the immersion
potential. The charge versus potential plot near the
region of charge polarity inversion may be linear-
ized, as shown by the solid line, and the potential at
the zero charge crossing marks the PZTC, which is
around 0.52 V vs. RHE. The value of PZTC agrees
with the potential of the minimum of differential
capacitance curve in Fig. 3(a).

However, under the tolerance of experimental
measurement error, this value is roughly 150 mV
lower than that at Pt(111)/NaOH interfaces at pH
of 12.3 [34], that is close to the nominal pH of the
95%-grafted QAPPT. According to literature, the
PZTC in aqueous solutions is negatively shifted
along with the increase of solution pH [34—36]. But
the actual OH™ concentration in the QAPPT is
reduced due to the fact that the I introduced in
the quaternary ammonium functionalized process
of QAPPT membrane cannot be completely
exchanged to OH™ during the pretreatment of the
QAPPT membrane and that the CO, in the envi-
ronment inevitably causes partial carbonation of
OH™ in the membrane. Therefore, the lowering of
the PZTC at the Pt/QAPPT interface likely arises
from the single ion conductor nature of APE,
making the “electrode/APE” interfaces electro-
chemically different from the conventional “elec-
trode/solution” interfaces, and the microscopic
mechanism for the discrepancy requires further
exploration though.

The PZC measurement was also performed for
the 75%-grafted QAPPT. As demonstrated in
Fig. 5(b), the zero-cross in the case of 75%-grafted
QAPPT is also at around 0.50 V vs. RHE (95%-
grafted QAPPT), which is again in agreement with
the potential of capacitance minimum of the
system.

We therefore presume that the PZTC at the
electrode/solid-polymer electrolyte interface is
located near the capacitance measurement within

the tolerance of measurement errors. The U-sha-
ped asymmetric differential capacitance curve
across the PZTC reveals the asymmetric polariza-
tion behavior of the Pt/QAPPT interfaces, which is
weaker on the negative side compared to the
positive side. This asymmetric feature clearly re-
flects the nature of anion-type of single ion con-
ductors in constraining the motion of cations,
which results in the thickening of the electric
double layer in the polymer side of the interface
and thus the reduction of differential capacitance
values at potentials negative of the PZTC. On the
other hand, there are almost no differences in the
potential of capacitance minimum and the PZTC
between 95%-grafted and 75%-grafted QAPPT
systems. But given that theoretically the difference
of OH™ content in the two QAPPT membranes is
no more than two times, the meaning of the
apparent invariance of PZTC of the two differently
grafted QAPPT systems remains to be further
explored and understood.

4. Conclusions

In summary, we have employed microelectrodes
to study the electrochemical behaviors of Pt/
QAPPT interfaces based on electrochemical
impedance spectroscopy and immersion tech-
nique. The capacitance curves exhibit U-shaped
features, and exist minimum at the potential which
is consistent with the corresponding PZTC
measured by microelectrode-based immersion
technique. The asymmetric differential capacitance
curve with the capacitance rising less quickly on
the negative than positive sides of the PZTC re-
flects the nature of the single ion conductor of
alkaline polymer electrolyte (APE). These results
disclose the profound role of the APE as a single
ion conductor in modifying the structure of the
double layer of the electrode/electrolyte interfaces.
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The microelectrode-based immersion method can
also be extended to study the PZC of other poly-
mer electrolyte systems. However, to fully under-
stand the structures and processes of the electrode/
polyelectrolyte interfaces, future studies could be
carried out in the following two aspects. On one
hand, experiments employing QAPPT with much
lower grafting degrees should be conducted to
further clarify the concentration influence of ions
on the PZC. On the other hand, other non-elec-
trochemical techniques such as vibrational spec-
troscopy are necessary to obtain molecular level
structural information at the interfaces.
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