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ARTICLE INFO ABSTRACT

Keywords: Quantifying the charge density stored at the Pt(111)/aqueous interface using the double-layer capacitance close

Pt(111) ) to the potential of zero charge (Cqipzc) at 0.30 Vg is of critical importance to elucidating the structure of the

3 Oilble'layer capacitance electrical double layer (EDL) in the absence of any competing adsorption processes. Marked discrepancies in the
oltammetry

values of Cq for this interface exist in the literature, which we show are likely attributable to the measurement
technique used. To directly observe the predicted Gouy-Chapman capacitance minimum at the PZC in the
double-layer window between 0.40-0.55 Vyyg, anomalously low electrolyte concentrations (0.1 mM HClO4) are
needed. The measurement of accurate values of Cg; pzc is made highly non-trivial by the extremely large solution
resistances (~80-100 kQ) measured in this required dilute electrolyte as well as the non-negligible deviations
from ideal capacitive behaviour (i.e., constant phase element behaviour) displayed even by this well-ordered
model electrochemical system. We provide here a comparison between using cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS), and alternating current-cyclic voltammetry (AC-CV) in determining
Cai,pzc for the Pt(111)/HClOy interface, for different concentrations of the electrolyte. In particular, even when
using optimized experimental parameters, we show that the estimated values of Cqjpzc at 0.1 mM HCIO; still
display a marked discrepancy depending on the technique used, ranging from 27-41 pF cm 2. At higher HCIO,4
concentrations, the discrepancies are much less pronounced. Importantly, however, the measured deviation from
Gouy-Chapman theory, as quantified by the Parsons-Zobel plot slope, remains consistent across these techniques,
implying that the EDL structure of the Pt(111)/aqueous interface continues to prove anomalous and enigmatic.

Impedance spectroscopy
AC voltammetry

1. Introduction

Fundamental studies on the electric double layer (EDL) are critical to
gaining a better understanding of the arrangement of the ions at the
electrode/electrolyte interface, with important ramifications for many
electrochemical processes [1,2]. Platinum is one of the most
well-studied electrode materials due to its excellent catalytic properties.
However, studies on EDL structure remain sparse as Pt(111) is the only
basal plane of Pt that exhibits a true “double-layer window” between
0.40-0.55 Vgyg [3]. In this potential window, it is widely considered that
the Pt(111)/HClO4 interface is ideally polarisable and that there are no
additional pseudocapacitive contributions from the dissociation of
water into hydrogen and hydroxyl species [4-9], or adsorption from
perchlorate anions from the electrolyte [10-13].

To gain a better insight into the structure of the EDL, the charge
stored at the electrode/electrolyte interface can be quantified by the so-
called (differential) double-layer capacitance, Cq [4,7]. In the absence
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of specific adsorption, the Gouy-Chapman-Stern (GCS) theory separates
the total EDL capacitance, Cgcs, into an inner-layer/Stern capacitance,
Ci, and diffuse Gouy-Chapman capacitance, Cgc: [14-16].
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GCS theory predicts a minimum in the differential capacitance (Cq)
at low electrolyte concentration at the potential of zero charge (PZC, or
the potential at which the electrode surface has zero excess electronic
(free) charge in contact with a particular electrolyte) in a potential
window where no pseudocapacitive/faradaic contributions are ex-
pected, as there should only be a (potential-dependent) contribution
from Cgc [15,17].

Using techniques such as CO displacement [18-20], perox-
odisulphate reduction reaction [21], and temperature-induced laser--
jump measurements [22,23], it was found that the PZC of Pt(111) lies at
0.30 Vynpue. Therefore, on the reversible hydrogen electrode scale, the
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PZC falls within the double-layer window of Pt(111) for pH’s 2-4 (PZC =
0.30 + 0.059-pH on the Vgyg scale), where a GC-capacitance minimum
would be expected. However, it was recently shown that this predicted
GC-capacitance minimum is only observable by using extremely dilute
electrolyte concentrations of 0.1 mM HClO4 (pH 4), the potential of
which (0.54 Vryg) was in excellent agreement with previous PZC studies
on Pt(111) [7,24]. The measured capacitance at the PZC (Cq,pzc)
however, was found to be anomalously high for such dilute electrolytes,
which has been rationalised by a weak attractive ion-surface interaction,
in turn reducing the Debye length [25]. Schmickler proposed that this
anomalously large Cgpzc actually resulted from a weak specific
adsorption of anions in solution [26], however, as HClO4 is widely
considered to be a non-specifically adsorbing electrolyte and the trends
in Cqipzc with increasing salt concentrations were found to be inde-
pendent of the anion identity,[7] we consider chemisorption unlikely
the main cause of the anomalous behaviour observed [27].

It has recently been pointed out that there is a marked discrepancy
between Cgq; values obtained for the Pt(111)/HCIO4 interface in the
literature [28,29], ranging, for example, from 20 uF em2in 0.1 M
HClO4 (using electrochemical impedance spectroscopy) [4] to 100 pF
cm~2in 0.1 mM HClO4 + 5 mM LiClO4 (using cyclic voltammetry) [24].
Although it should be noted that the electrolyte conditions (i.e., ionic
strength and pH) for which these values are reported differ significantly,
we show in this paper that another main contributor to the discrepancies
in the obtained Cqj values is likely the used measurement technique.

Two of the most common electrochemical techniques used to obtain
Cq1 have been cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). CV utilises a linear potential ramp, where the cor-
responding current can be normalised by scan rate in order to obtain the
differential capacitance [30]. In EIS, a sinusoidal potential perturbation
over a wide frequency range is applied to an electrochemical system
assumed to be under steady-state conditions. In the case of the
double-layer window of the Pt(111)/HClOy4 interface (0.40-0.55 Vryg),
the measured impedance is expected to be well-modelled by an electrical
equivalent circuit (EEC) consisting of an ideal capacitance (corre-
sponding to the charging of the EDL), in series with a solution resistance
[4,31]. Interestingly, a truly ideal capacitance is rarely observed
experimentally. Instead, a non-ideal capacitance is observed which can
be modelled by a so-called constant phase element (CPE) [32-37].

The origin of CPE behaviour has remained heavily debated in the
literature, but has mostly been speculated to arise from a capacitive
dispersion across the electrode surface due to electrode roughness [38],
adsorption of trace impurities [39], inhomogeneous current/potential
distribution due to the disk geometry of the electrode [40-44], or an
inherent property of the double-layer itself [45,46]. As we will show, the
extremely dilute electrolyte concentrations needed to observe the
GC-capacitance minimum actually lead to an increase in CPE behaviour
at the PZC. As the CPE has, by definition, a non-linear frequency
dependence, there are consequent inherent discrepancies in the differ-
ential capacitances obtained using EIS and CV, as the latter technique
cannot account for this non-linearity [47].

Alternating current-cyclic voltammetry (AC-CV) has also often been
used in obtaining Cq). AC-CV combines both elements of CV and EIS by
employing a linear potential ramp upon which a sinusoidally varying
wave of a fixed frequency is superimposed [48]. We show here a detailed
analysis of how fast Fourier-transform analysis can be used to extract Cg
from the fundamental frequency response for the Pt(111)/HClOy4 inter-
face near the PZC, discussing the complexities of data processing. Re-
sults are then compared to those obtained using EIS and CV to extract
the same information, giving a detailed overview of the non-trivial
choice of optimal probing parameters required for each of the respec-
tive techniques. As we will show, despite the discrepancies in the ob-
tained Cq; values, the measured deviation from ideal Gouy-Chapman
behaviour was found to be consistent across CV, EIS and AC-CV, as
quantified by a Parsons-Zobel plot, suggesting that there continue to
remain important unknowns in elucidating the exact EDL structure at
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the Pt(111)/aqueous interface.
2. Techniques outline
2.1. Cyclic voltammetry (CV)

In cyclic voltammetry (CV), the potential is linearly ramped, where
the corresponding current density, j, can be transformed to capacitance,
C, by the following relation:

j=cC (2)

dt
where % is the scan rate. The value of Cq; at the PZC (Cq1,pzc) can then be
extracted directly from this capacitance curve. Obtaining Cq in this way
is only valid under the assumption that there is a negligible time-
dependence of the charging of the interface such that all of the ob-
tained current is purely capacitive in nature. Therefore, extracting Cq
values is limited to the ideally polarisable double-layer window of Pt
(111) in HC1O4 electrolyte (0.40-0.55 V) [30]. It should be noted that the
extremely dilute electrolyte concentrations that are needed to observe
the GC-capacitance minimum (0.1 mM HCIO4) lead to significant solu-
tion resistances of ~80-100 kQ [7,24]. Therefore, to reduce the contri-
bution of current, i, to the Ohmic drop (-iRs) and reduce the resistivity
distribution across the electrode, slower scan rates are preferable [30,
49,50].

2.2. Electrochemical impedance spectroscopy (EIS)

In electrochemical impedance spectroscopy (EIS), the potential is
sinusoidally varied around a mean potential with a certain amplitude,
AE, which is typically small (between 2-10 mV) such that the response of
the system is linear [34,51]. If processes occur on sufficiently different
timescales, EIS allows their deconvolution [52]. For Pt(111) in alkaline
media, this has proven particularly useful, as the hydrogen adsorption
kinetics are sufficiently slow to allow for the double-layer capacitance to
be separated from the adsorption capacitance(s). In acidic media,
however, the kinetics of hydrogen, hydroxide and anion adsorption are
too fast to separate from the double-layer capacitance [4,31,53], such
that only a total (i.e., double-layer plus pseudo-) capacitance can be
obtained. Therefore, the double-layer window of the Pt(111)/HClO4
interface (0.40 — 0.55 Vgyg) is expected to be well-modelled by a simple
serial electrical equivalent circuit (EEC) consisting of a resistor and
capacitor (RC EEC, SI Fig. 0.1(a)) as there are, in principle, only con-
tributions to the impedance response from the uncompensated solution
resistance (resistor, Rs) and the charging of the interface through ion
screening (capacitor, Cqp) [15].

In reality, the Pt(111)/HClO4 interface actually displays so-called
constant phase element (CPE, Qq)) behaviour, such that the serial RQ
EEC (SI Fig. 0.1(b)) is needed to model the frequency dispersion
exhibited by this system. The impedance of the CPE is given by [54,55]:

1

Zcpg = Qular™® 3

where aq is the CPE exponent varying between 0 and 1, where 0 is
purely resistive and 1 is purely capacitive, and Qq) is the CPE parameter.
Values of 0 < aq; < 1 indicate a mixed resistive/capacitive process (if ag
= 0.5, a Warburg-type element is measured, indicating a diffusion
process). If aq is still relatively close to 1 (0.8 < aq < 1), then this is
considered a non-ideal capacitance (i.e., CPE behaviour), which results
in a line at an angle of aq; x 90'in the Nyquist impedance representation
[52,56].

Several formulae (e.g Brug, Hsu and Mansfeld) have been proposed
to convert Qq to a capacitance as the conversion between these pa-
rameters is non-trivial when ag; # 1 [54-58]. However, as none of these
conversion formulae were deemed appropriate in this context due to
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non-physical solution-resistance-dependent terms, we show both Qg
and aq in the following without further conversion to capacitance.

2.3. Alternating current-cyclic voltammetry (AC-CV)

Alternating current-cyclic voltammetry (AC-CV) is a technique that
combines both CV and EIS, in principle allowing for a faster method of
obtaining the Cgq; values if appropriate probing parameters are used.
However, as we will show, this latter condition is highly non-trivial to
satisfy, especially when CPE behavior is present, and complicates the
corresponding data analysis [59].

AC-CV employs a linear potential ramp (dc potential scan), whilst
simultaneously superimposing an oscillating ac potential wave at a
specified frequency, which respectively generate a dc- (equivalent to the
CV) and ac-current response. The latter can be deconvoluted from the
former by means of a fast Fourier-transform (FFT) analysis. The dc
current response information is contained within the 0 Hz band, fo,
regardless of the frequency of the superimposed ac wave, which should
be consistent with a normally-obtained CV. Assuming that the double-
layer charging is linear in its frequency response, it can be approxi-
mated that carrying out AC-CV in the double-layer window of Pt(111) at
an appropriate probing frequency should only generate a waveform at
the fundamental frequency response, fi, within which the double-layer
charging information should be contained (i.e., the input frequency of
the superimposed ac wave) in addition to fy [48,52,55]. There should be
an absence of higher-order harmonic responses (i.e., fa, f3 etc.) which
would indicate the presence of non-linear faradaic/pseudocapacitive
processes, in turn displaying a frequency-dependent response. By
choosing appropriate probing parameters, particularly restricting the
amplitude of the oscillation, such higher-order frequency responses can
be mitigated as will be further developed later in this manuscript [60,
61]. Therefore, if ideal capacitive behavior would hold in the
double-layer window, all three techniques (i.e., extracting C from a se-
rial RC EEC in EIS and the Cg) values from CV and AC-CV, respectively)
should in fact give exactly the same values of Cq; [30].

In the linear response approximation, if the potential oscillation
varies sinusoidally as a function of time, E(t), with amplitude AE, a
corresponding sinusoidally varying current response, i(t), will be
generated, with amplitude iy, which will be phase shifted by ¢ with
respect to the period of the input potential wave just as in EIS:[15,52].

tioemae — L
o laemer ~ Ucmax 5600 4
¢ period )

where t;, . and tg, . refer to the time at which the maximum in the ac
current wave, i(t), and ac potential wave, E(t), occur, respectively [45].

Assuming the angular frequency remains constant and taking the
input potential function as the reference with respect to which the
current response is defined, phasors (in order to convert between the

time and frequency domain) for both the input potential, E, and output

current, i, can be defined such that the latter is phase shifted with respect
to the former by ¢ [52,55]:

E = AE (5)
1=ipe” 6)

The impedance, Z(w), response can then be described by:[62]

Z(w) = I:Z = %e’”’” = |Z|(cosg’ + sing®) = Re(Z) +jIm(Z) %)
i o
Re(Z) = |2(cosy") = R, ®
_ N |
im(2) = 2](sing") =~ ) ©

Therefore, we can extract the double-layer capacitance values of the
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ac component, Cqy ¢, as a function of potential from the iFFT-extracted
impedance from f; to obtain |Z| and by determining the phase shift, ¢,
between the period of the input ac potential and the output ac current
[45]. It should be noted that Im(Z) here is defined in terms of an ideal
capacitor (Eq. 9), so it is assumed that f; only contains the purely
capacitive Cq-component which is linear in its frequency response,
meaning that the non-linear nature of CPE behaviour cannot be appro-
priately accounted for with this analysis [48].

3. Experimental

The electrochemical glassware cleaning procedure and cyclic vol-
tammetry measurements used in this study were performed following
those outlined previously [12]. All the potentials in this manuscript are
reported versus the RHE scale.

Potentiostatic electrochemical impedance spectroscopy was carried
out at 0.54 V (50 kHz-0.5 Hz, 10 mV) in order to determine the solution
resistance, which was then used to maximally compensate the working
electrode potential for all electrochemical measurements at 85% in situ
to avoid potentiostatic oscillation, with the remaining 15% manually
compensated post-measurement. The distance between the working and
reference electrode (placed in a Luggin capillary) was minimised as far
as possible to reduce Ohmic drop. See SI Section 1.2 for detailed
explanation of AC-CV Ohmic-drop correction. All potentials reported in
this manuscript have been Ohmic drop-corrected accordingly.

Potentiostatic impedance spectra were measured with frequencies
ranging from 1 kHz-0.5 Hz (0.1 mM HClO,), or 50 kHz-0.5 Hz (0.1 mM
HClO4 + 5 mM NaClO4 and 1 mM HCIO4), with varying amplitudes.
Blank CVs were taken before and after a series of impedance measure-
ments at 10 mV s~ ! to ensure that during the time of data acquisition, no
significant poisoning, or changes to the electrode surface had occurred.

4. Results and discussion

Here, we provide a detailed analysis of the optimised parameters
found for obtaining the double-layer capacitance near the potential of
zero charge (Cqj,pzc) for Pt(111) using cyclic voltammetry (CV), elec-
trochemical impedance spectroscopy (EIS) and alternating current-
cyclic voltammetry (AC-CV). We use 0.1 mM HClO4 as a base electro-
lyte, as we have previously shown that under these conditions a GC-
predicted capacitance minimum can be observed that corresponds
well with the PZC of Pt(111) measured using other techniques [7,24].
For selected experiments, we add either NaClO4 to increase the ionic
strength while keeping pH constant, or use higher concentrations of
HCIO,.

4.1. Cyclic voltammetry (CV)

Fig. 1 shows the predicted Gouy-Chapman capacitance minimum at
the PZC (0.54 V) for Pt(111) in 0.1 mM HCIO4 [7,24], corresponding to
Ca,pzc. For the purely capacitive double-layer window between
0.40-0.55 V for Pt(111), the current density should be directly propor-
tional to the scan rate, v, such that the capacitance values should be
equal for all v if we are probing a true double-layer charging process (i.e.,
je=v-C) [15].

However, as shown in Fig. 1, a non-trivial scan rate dependence of
the values of Cq pzc is actually observed. The capacitance decreases with
v, such that the lowest value of Cq1pzc (32 uF cm™?) is obtained at 2 mV
s71, in close agreement with previously reported values of Cg for Pt
(111) [4,31]. Significant increases in Cqpzc can be observed at higher
scan rates, reaching 48 pF em2at20mvs L Interestingly, the Cq1pzc
values for greater scan rates (>10 mV s’l) saturate at ~47 uF cm’z,
suggesting that a certain threshold of slow scan rates must be reached
before seeing a significant drop in the obtained capacitance values. This
is unlikely attributable to any artificial currents due to the electronics, or
unstable leakage currents arising from the hanging meniscus
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Fig. 1. CVs of Pt(111) in 0.1 mM HCIlO, at various scan rates (2-20 mV s 1) when scanning between 0.07-0.85 V. Curve represents the average of positive- and

configuration, which remains stable for the duration of the measure-
ments [63]. Furthermore, the noise levels were found to be <0.5 nA for
all CV measurements, meaning the discrepancies observed in the Cqj pzc
as a function of scan rate are not related to different noise levels.

0.8

By comparison, the discrepancy in the capacitance values measured
as a function of v is significantly less marked in higher conductivity
media as shown in Fig. 2 for 1 mM HClO4 (pH 3, Rs ~ 6 kQ, an order of

magnitude less than in pH 4).
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Fig. 2. Zoomed in CVs of Pt(111) in 1 mM HCIOy, at various scan rates (2-20 mV s ') when scanning between 0.07-0.85 V. Curves represent the average of positive-

0.56
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Due to the greater ionic strength in 1 mM HCIlOy, the inner-layer
capacitance starts to dominate [24] meaning that the GC-capacitance
minimum at the PZC (0.48 V for pH 3) is no longer directly observ-
able. A capacitance minimum is still observed at ~0.55 V (Fig. 2),
however this does not correspond to the predicted GC-capacitance
minimum, or the PZC. Instead, this minimum is probably related to a
potential dependence of the inner-layer capacitance, or related to
pseudocapacitive response due to the onset of hydroxyl adsorption [28].
Arguments as to why the capacitance minimum at pH = 4 (Fig. 1) does
correspond to the PZC have been given in our previous papers [7,24].
Therefore, as a value for Cg)pzc cannot directly be obtained in 1 mM
HClOy, the values of C in the double layer window will be compared to
those in 0.1 mM HClOy4 instead. Notably, when increasing v from 2 to 20
mV s_l, C only increases by 4 pF em 2in1 mM HCIOy4 (Fig. 2) compared
to 20 puF c¢cm 2in 0.1 mM HClO4 (Fig. 1). Therefore, it is clear that scan
rate has a non-trivial impact on the obtained values of Cq1pzc in 0.1 mM
HClOy4, which is less marked in the case of 1 mM HClOy4 electrolyte. The
deviation from ideal capacitive behaviour can be attributed to the
presence of CPE behaviour, which manifests itself in a non-linear de-
pendency between v and the current measured and, by extension, the
capacitance, particularly at low frequencies (scan rates), as will be
further developed in Section 4.2 [24,28,30].

4.2. Electrochemical impedance spectroscopy (EIS)

To provide an alternative technique to CV in obtaining the values of
Cai,pzc, EIS was carried out at the PZC for Pt(111) in 0.1 mM HClOy, the
Nyquist impedance plot of which is shown in Fig. 3(a). For comparison
with higher conductivity electrolytes, the Nyquist impedance plots ob-
tained in 0.1 mM HClO4 + 5 mM NaClO4 and 1 mM HClO4 at the same
potential (0.54 V) are shown in Fig. 3(b) and (c), respectively. The
corresponding Nyquist admittance plots are shown in SI Fig. 3.1 for
completeness.

In the Nyquist impedance plot representations for each electrolyte
(Fig. 3), CPE behaviour is evidenced by the poorer fit of the RC EEC
compared to that of RQ. In particular, the extent of CPE behaviour, i.e.,
the deviation from 90, is more pronounced in the lower conductivity 0.1
mM HClO4 electrolyte (aq = 0.95, Fig. 3(a)) compared to the more
conductive 0.1 mM HClO4 + 5 mM NaClO4 and 1 mM HClOy4 electrolytes
(aqq = 0.99 for both, Fig. 3(b,c), respectively). The reduced CPE
behaviour exhibited by the more conductive electrolytes is consistent
with the results of Lasia et al. and is further reflected in the closer
agreement between the RQ and RC EEC fits in both the corresponding
Nyquist admittance and Bode impedance plots for the higher conduc-
tivity electrolytes (0.1 mM HClO4 + 5 mM NaClO4 and 1 mM HClO4, SI
Fig. 3.1(b,c); SI Fig. 3.3(b,c) respectively) compared to 0.1 mM HClO4
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(SI Fig. 3.1(a); SI Fig. 3.3(a), respectively) [54,52].

In principle, a purely capacitive response should also be independent
of the excitation amplitude [56]. As potential perturbation amplitudes
that are too small (< 2 mV) can result in a situation where noise will
dominate over the signal response from the ac oscillation, EIS mea-
surements with amplitudes between 2-10 mV were carried out in the
double-layer window (0.40-0.55 V) of Pt(111) in 0.1 mM HClO4 [51].
However, a clear excitation amplitude dependence can be observed in
the obtained values of Qq; and aq) (SI Fig. 3.4), again attributable to the
presence of this (non-linear) CPE behaviour. Qqi pzc values of 40 uF cm 2
s for an excitation amplitude of 10 mV and 37 yF cm ™2 s%® for both
2 and 5 mV (SIFig. 3.4(a)) were obtained, respectively. The values of aqj,
however, exhibit the opposite trend with excitation amplitude as ag
increases from 0.946 to 0.954 for excitation amplitudes of 10 to 2 mV (SI
Fig. 3.4(b)), respectively, in turn suggesting that increased sensitivity to
ideally capacitive processes can be obtained when using smaller exci-
tation amplitudes, consistent with previous literature [34].
Coérdoba-Torres et al. discussed that there exists an intrinsic coupling
between Qg and agq;, which is also reflected in the non-trivial inverse
trends we observe as a function of perturbation amplitude for both Qg
and aq) (SI Fig. 3.4) [64].

Although the values of ag) are reasonably close to 1 in 0.1 mM HCIO4,
the deviation from ideal capacitive behaviour is significant enough at
the PZC, in particular, to be non-negligible. Fig. 4 highlights the dis-
crepancies in the absolute value of Cq that would be obtained by
assuming that Qq) = Cq) in this potential window, i.e., the differences in
the values of Qg and Cq; when fitting with RQ and RC EECs, respectively
[65].

The Qqi,pzc value obtained in 0.1 mM HCIO4 (37 pF em 2 s(l'"), Fig. 4
(a)) is larger than the values of Cqj pzc obtained using CV (32 uF cm~2at
2mV s~} Fig. 1) and when fitting with an RC EEC using EIS (34 uF cm ™2,
Fig. 4(a)). In fact, regardless of the electrolyte, fitting with an RQ EEC
will always result in larger Qq) values than the corresponding Cq values
from an RC EEC fit due to the contribution of uncompensated aq (Fig. 4
(a)) [54]. Therefore, there will always be a discrepancy between these
values. Regardless of the debatable application of currently known
conversion formulae between C and Q, Fig. 4 highlights the importance
of considering both Qg and a4 when extracting information about the
capacitance as these parameters are intrinsically coupled and should be
considered concurrently [64].

Overall, it should be noted that although there is a relatively good
agreement between the values of Cq and Qq) obtained from fitting with
an RC and RQ EEC, respectively, the discrepancy between these values is
greater in the low conductivity 0.1 mM HClO4 (~3 pF cm’z, Fig. 4(a))
compared to the higher conductivity 1 mM HClO4 and 0.1 mM HCIO4 +
5 mM NaClO4 electrolytes (~1 pF cm‘z, Fig. 4(a)), which must be

75 1 _, = PEIS (0.54 V)
(a) 451 (b) 1201 (¢) Fit (RQ)
I p Fit (RC)
S 50 304 " 80 r
g | | -
254 ,. 15 4 " 40 I
0 T T T T T T T T
75 100 125 0 20 -40 0 40
Re(2)/ kQ Re(2)/ kQ Re(2)/ kQ

Fig. 3. Nyquist impedance plots of Pt(111) at 0.54 V, AE = 5 mV, measured in (a) 0.1 mM HCIO4 (1 kHz - 0.5 Hz); (b) 0.1 mM HClO4 + 5 mM NaClO, (50 kHz - 0.5
Hz); (¢) 1 mM HCIO,4 (50 kHz - 0.5 Hz), with RQ and RC EEC fits shown. See SI Section 3 for explanation of different frequency range used for 0.1 mM HClO,.
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Fig. 4. (a) Cq; and Qg and (b) corresponding aq values extracted from fitting EIS data of Pt(111) in 0.1 mM HClOy4, 0.1 mM HCIO4 + 5 mM NaClO4 and 1 mM HCIO4
with RC and RQ EEGCs, respectively, AE = 5 mV plotted as a function of potential. Experimental error bars (calculated according to SI Section 1.1) shown as

shaded region.

attributable to the (potential-dependent) trends in the observed values
of ag) (Fig. 4(b)). The greatest deviation from ideal capacitive behaviour
can be observed in 0.1 mM HClO4, which displays a pronounced mini-
mum in ag) of 0.95 at the PZC, whereas at other potentials in the double-
layer window, aq reaches ~0.98 (Fig. 4(b)). Conversely, for both 1 mM
HClO4 and 0.1 mM HCIO4 + 5 mM NaClOy, aq remains relatively con-
stant across the potential window, varying only between 0.98-0.99
(Fig. 4(b)). The discrepancy between the values of Qq and Cgq), partic-
ularly for 0.1 mM HClO4 (pronounced minimum in ag at PZC, Fig. 4(b)),
can therefore be rationalised in terms of increased deviation of ag; from
1 at the PZC, as an inhomogeneous capacitance distribution across the
disc electrode could become magnified without preferential charge
polarisation of the electrode, meaning that the non-linear frequency-
dependent behaviour (fitted here with a CPE) will become compara-
tively exacerbated under these conditions [43,44,54,57,65]. Interest-
ingly, in the 1 mM HClO4 (pH 3) electrolyte, the minimum in ag; close to
the PZC can still be observed (Fig. 4(b)), while there is no corresponding
minimum in the capacitance at this potential (Fig. 4(a)).

These observations once more show the challenges that the low
conductivity of the 0.1 mM HClO4 electrolyte presents in terms of
obtaining an accurate value of Cqjpzc due to the increased CPE behav-
iour, such that approximating Qq; = Cq; becomes less valid. This has a
corresponding influence on the applicability of single-frequency mea-
surements, such as AC-CV, as will be discussed in the subsequent Section

4.3.

4.3. Alternating current-cyclic voltammetry (AC-CV)

In AC-CV, there are three parameters which can be adjusted inde-
pendently: the scan rate of the dc potential, v, and the amplitude, AE,
and frequency, f, of the ac potential oscillation. As we will show, these
parameters must be selected in careful relation to one another, in part,
due to the non-negligible presence of CPE behaviour particularly at the
PZC as evidenced by EIS (Section 4.2, Fig. 4(b)). This CPE is, by defi-
nition, non-linear in its frequency response, undermining the required
assumption that the capacitance behaves ideally (just as for CV) to
extract Cq values. In particular, the choice of probing frequency also
becomes significantly more complicated as AC-CV only utilizes a sin-
gular excitation frequency such that the frequency dispersion inherent
to the system cannot be accounted for. Nonetheless, the relatively close
fit of the serial RC EEC using EIS (Section 4.2) leads us to investigate the
appropriateness of AC-CV in extracting an accurate Cqj pzc value in this
system, even in the presence of this CPE behaviour. We provide here a
summary of the optimized parameters and their selection; a more
detailed explanation can be found in SI Section 4.

To choose appropriate AC-CV probing frequencies, the EIS Bode
impedance plots (SI Fig. 3.3) were considered. In the case of a serial RC/
RQ EEC, the impedance response becomes dominated by R at higher



N.L. Frohlich et al

probing frequencies, resulting in a phase angle of close to 0. At lower
frequencies, the capacitive element will contribute more and eventually
dominate over the response of R, leading to a phase angle of (close to)
-90. The frequency at which this phase angle change will occur is
dependent on R, as a larger Rg results in a shift along the Re(Z) axis, such
that for 0.1 mM HCIOy4, the impedance response only becomes mostly
dominated by the capacitive element at frequencies below ~10 Hz (SI
Fig. 3.3(a)) [55]. Therefore, superimposed frequencies of 5, 10 and 20
Hz were chosen to obtain AC-CV capacitance curves.

Previous literature has alluded to a so-called “slow-scan limit
approximation” to ensure reliable AC-CV measurements, such that
AE*®» >> v, where o is the angular frequency (w = 2xf) [66]. Although
rather generalized, this relation ensures that, over the period of multiple
oscillations, the dc potential changes significantly less than the amplitude
of the ac potential modulation, such that both f and AE need to be
significantly larger than v. As discussed preciously, v = 2 mV s~ was
considered to be acceptably fast enough to prevent unnecessarily long
experimental times, in turn mitigating the effects of meniscus
evaporation and eventual changes in Ohmic drop and the edge effect
contribution of the disc electrode [67,68]. Following the “slow-scan limit
approximation”, AE was therefore chosen to be 10 mV such that f *AE >
314mVs ! >>v=2mVs!atf=>5Hz It is also important that AE is
small enough to ignore the effect of non-linear responses asin EIS [34,51].

Using these selected parameters, a representative power spectrum
obtained from FFT analysis of an AC-CV scan in the double-layer win-
dow (0.40-0.55 V) of Pt(111) in 0.1 mM HCIO4 with f = 5 Hz, AE = 10
mV and v =2mV s~ ! (SI Fig. 4.1) reveals that the main frequency signal
responses can be observed at 5 Hz (fundamental frequency response, f;)
and 0 Hz (dc potential wave, fy, corresponding to the normally-obtained
CV when inverse Fourier-transformed). The lack of higher-order har-
monics indicates the absence of non-linear capacitive charging pro-
cesses, which is expected for the double-layer window (0.40-0.55 V) and
suggests that the selected AC-CV parameters in this case are indeed
appropriate for probing this system [48,61].

To elucidate the effect of probing frequency, AC-CV was carried out
for Pt(111) in 0.1 mM and 1 mM HCIO4 at f = 5/10/20 Hz and the
corresponding phase angles were compared to those derived from the
EIS Bode plot at the same frequencies (SI Fig. 4.2 and 4.5 for 0.1 mM and
1 mM HCIOy, respectively). The phase angles obtained using AC-CV and
EIS were found to differ markedly. In fact, using a probing frequency of f
= 20 Hz in 0.1 mM HCIO4 resulted in entirely positive phase angles (SI
Fig. 4.2(a)), leading to a non-physical negative capacitance curve (SI Fig
4.3). As is explained in more detail in SI Section 4, this relates to the
main limitation of AC-CV, where, depending on the choice of parame-
ters, by simultaneously scanning the potential and superimposing an
oscillating perturbation, the system does not have sufficient time to
reach a steady response to the probing frequency at a certain potential.
This lack of equilibration time leads to an exacerbated lag between the
input ac potential wave and the output ac current wave when initially
starting the AC-CV scan, resulting in larger phase angles than expected,
particularly for greater probing frequencies and higher solution re-
sistances. In a sense, the initial phase angle measured for an AC-CV scan
in our system can be seen as a measure of how out of sync the initial
potential perturbation is with that of the output ac current, convoluting
the true phase angle response inherent to the impedance of the system.
We therefore suggest that EIS, in this context, should serve as the stan-
dard by which appropriate probing parameters should be selected for
AC-CV measurement, at least in the absence of appropriate hardware (e.
g lock-in amplifier), which can measure the measurement-induced “lag”
between E(t) and i(t). That is to say, a close agreement between the
phase angles derived by both AC-CV and EIS should be observed in order
to select appropriate probing parameters.

Hence, as the initial phase angles derived from EIS and AC-CV at the
start of the scan are most consistent with each other for f; = 5 Hz for 0.1
mM HClO4 (SI Fig. 4.2) and f; = 20 Hz for 1 mM HCIO4 (SI Fig. 4.5),
respectively, these probing frequencies were considered to be the most
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accurate when v = 2mV s~ and AE = 10 mV. Therefore, for simplicity,
we show here a summary of the main results using these optimal probing
parameters. As outlined in Eq. 9, the phase angles (SI Fig. 4.11) and |Z|
(SI Fig. 4.12) need to be considered in turn in order to derive the ac-
capacitance values. The corresponding phase angles obtained for both
0.1 mM (SI Fig. 4.11(a)) and 1 mM HCIO4 (SI Fig. 4.11(b)) in the Hypq
and OH,gs regions are relatively consistent between AC-CV and EIS
(derived from EIS Bode plots, SI Fig. 3.3), remaining close to 0 in both
cases, as is expected for the large capacitance measured in the presence
of pseudocapacitive processes. On the other hand, the significantly
lower capacitance measured in the double-layer window (0.40-0.55 V)
results in correspondingly larger phase angles (SI Fig. 4.11) as according

to:
1
=tan!{ — 1
¢ tan ( de1R5> (0)

However, there is a marked discrepancy in the phase angles obtained
using AC-CV and EIS in the double-layer window for both electrolytes,
differing by ~35 and ~45 for 0.1 mM and 1 mM HClO4, respectively,
where the AC-CV-derived phase angles are always larger than those
obtained using EIS. To some extent, the increased CPE behaviour at the
PZC (Section 4.2), could explain the discrepancy between the AC-CV-
obtained phase angle compared to EIS due to the assumption of ideal
capacitive behaviour made in the former analysis.

Despite the discrepancy between the absolute values of the phase
angles derived from AC-CV compared to EIS in the double-layer window
(SI Fig. 4.11), the corresponding AC-CV capacitance curves using the
optimised probing parameters for 0.1 mM and 1 mM HCIO4 are shown in
Fig. 5.

The value of Cqj pzc in 0.1 mM HClO4 is lower than the value of Cyj,
min in 1 mM HCIO4 by ~6 pF em 2 (Fig. 5), which is in relatively close
agreement with the difference obtained using CV between these elec-
trolytes (5 uF cm™2, Section 4.1). However, the absolute value of Cal,pzc
is ~8 uF cm 2 greater than that measured using CV (v = 2 mV s_l),
which could be attributed to a non-trivial dependence on the AC-CV
probing parameters such that the extracted ac- capacitance value be-
comes somewhat arbitrary, particularly due to the high solution resis-
tance and presence of CPE behaviour in this system. The use of AC-CV as
a stand-alone measurement technique also becomes rather redundant in
this context due to the heavy reliance on EIS to find appropriate probing
parameters.

60
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0.1 mM HCIO, (f, = 5 Hz)
— 1 mM HCIO, (f, = 20 Hz)
0.50 0.52 0.54 0.56 0.58

E/V vs. RHE

Fig. 5. Capacitance curves extracted from iFFT of the fundamental frequency
response, fi, of the positive-going scan (0.07-0.85 V) for Pt(111) measured in
0.1 mM HCIO, at f = 5 Hz and 1 mM HCIOy, at f = 20 Hz, respectively (AE = 10
mV,v=2mV s’l).
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However, as discussed in the AC-CV method Section 2.3, the 0 Hz
waveform in the FFT power plot (fy) can be inverse Fourier-transformed
to obtain the dc current response and normalized by scan rate to obtain
the capacitance just as for a normally-obtained CV [48]. The resulting
AC-CV-obtained dc capacitance curves in 0.1 mM and 1 mM HClO4
electrolytes are compared to the corresponding normally-obtained CV
capacitance curves at 2 mV s~! in SI Fig. 4.13. The dc-obtained AC-CV
capacitances are frequency-independent for f = 5/10/20 Hz as expected
for both electrolytes as, in principle, the superimposed sinusoidal
perturbation should have no effect on the dc current response. However,
a consistently lower capacitance of ~8 pF cm™2 is obtained for the
dc-component obtained using AC-CV compared to CV in 0.1 mM HCIO4
(SI Fig. 4.13(a)), which is also observed in 1 mM HClO4 (~4 pF cm’z, SI
Fig. 4.13(b)).

4.4. Technique comparison summary

As can be seen in Fig. 6, there are clear discrepancies between the
obtained values of Cqy pzc for Pt(111) in 0.1 mM HCIO4 depending on the
measurement technique (CV, EIS, or AC-CV) even when optimal probing
parameters are used, ranging from 27 to 41 uF em™2, By comparison, the
discrepancies in the capacitance values obtained in the double-layer
window were found to be less marked for 1 mM HClO4 (SI Fig. 5.1).

Interestingly, the lowest value of Cq)pzc (27 uF cm™2) was measured
from the dc-component of AC-CV. The higher values of Cgjpzc obtained
from the ac-component of AC-CV and EIS (34-41 pF cm™~2) compared to
CV (32 uF cm2) can be attributed to the presence of CPE behaviour, in
turn resulting in a non-linear frequency dependence and a non-trivial
relationship to an ideal capacitance.

A Parsons-Zobel plot can be used to quantify the deviation of the
differential capacitance from ideal Gouy-Chapman behaviour, where the
inverse of the calculated Gouy-Chapman capacitance is plotted versus
the inverse of the measured differential capacitance at the PZC (Cqy,pzc)-
According to Gouy-Chapman-Stern theory, this slope should be 1,
however, our group has previously reported a slope of ca. 0.035 for Pt
(111) [7,24]. The lower slope was thought unlikely to be the result of
any specific adsorption/chemisorption effects due to the lack of specific
(anion) effects, but rather a near-surface accumulation effect [26,27].
Using the optimised parameters discussed in the above sections, Fig. 7
compares the PZ-plots obtained using CV, EIS and AC-CV for 0.1 mM
HClO4 + x mM NaClOg4.

Fig. 7 shows that, regardless of the limitations of each technique in
terms of extracting accurate values for Cq) pzc, a similar PZ-plot slope can
be observed between the three techniques, suggesting that using
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Fig. 7. Parsons-Zobel plot for Pt(111) in 0.1 mM HCIO4 + x mM NaClOy, for the
double-layer capacitance obtained at the PZC (0.54 V) from CV (2 mV s’l); EIS
(1 kHz-0.5 Hz, 5 mV) for Q when fitting with an RQ EEC; and Cgj,ac,pzc extracted
from iFFT of the fundamental frequency response, fi, of the positive-going scan
(0.07-0.85 V) of AC-CV (v = 2 mV s’l,f = 5 Hz, AE = 10 mV). Experimental
error bars obtained according to SI Section 1.1.

appropriate probing parameters for each technique still allows for con-
sistency between obtained Cq pzc values. Importantly, the PZ-plot slope
is significantly less than 1 for all techniques, consistent with previous
publications [7,24], albeit that the average slope across the three tech-
niques (0.046) is slightly greater than previously reported, which can be
attributed to the lower values of Cgjpzc measured with the optimised
parameters for each measurement technique.

5. Conclusion

In conclusion, we have shown that determining the Cy near the PZC
for Pt(111) in acidic media is challenging, mainly due to the extremely
low electrolyte concentrations that are needed to observe the Gouy-
Chapman-predicted capacitance minimum. We provide a comparison
between using CV, EIS and AC-CV as techniques to determine Cqj pzc for
the Pt(111)/0.1 mM HCIOy interface, giving a detailed analysis of which
parameters should be used to optimally probe the electrochemical
system.

From the above discussions, it is clear that all three techniques have
their respective disadvantages in the context of obtaining an accurate

60
|41
—_ 50 4
R 37
™ €
~ ©
E 5 404 34
3.
© ~
ENtS )
= o —CV(2mVsT) 32
O'? O 30 AC-CV (ac component, f,)
AC-CV (dc component, f;)
—u—EIS (Q from RQ) 27
—a—EIS (C from RC)
20 T T T
0.45 0.50 0.55 060 Q, 0y / uF cm? s

E/V vs. RHE

or Cy pyc ! HF cm™?

Fig. 6. Comparison of capacitance values obtained for Pt(111) in 0.1 mM HCIO,4 using CV (2 mV s~!), curves represent the average of positive- and negative-going
scans; EIS (1 kHz-0.5 Hz, 5 mV) for C and Q when fitting with an RC and RQ EEC, respectively with experimental error bars (calculated according to SI Section 1.1)
shown as shaded region; capacitance curves extracted from iFFT of the fundamental frequency response, f;, of the positive-going scan of AC-CV (v =2mV s}, f= 20
Hz, AE = 10 mV, 0.07-0.85 V) with no phase angle correction and the corresponding dc component extracted from f, represented as capacitance curves (left) and

corresponding Cgj pzc values (right).
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value of Cgj,pzc under these conditions. Both CV and AC-CV suffer from
the disadvantage that they rely on dynamically scanning the potential as
a function of time, impinging on the linearity and frequency (or scan-
rate) independence of the double-layer charging response. EIS, on the
other hand, is measured under steady-state conditions, such that time is
allowed for equilibration to the applied potential when small excitation
amplitudes (<10 mV) are used. In particular, it was found that the Pt
(111)/0.1 mM HCIO4 interface exhibits CPE behaviour, introducing a
non-linear frequency dependence that significantly complicates anal-
ysis. This CPE behaviour is likely attributable to the capacitance
dispersion that arises from the inhomogeneous current distribution due
to the hanging meniscus configuration with which these EIS measure-
ments were carried out, which could, theoretically, be mitigated using a
recessed electrode [69].

EIS is the only technique of the three that is able to fit the observed
frequency dispersion in its entirety across a wide range of frequencies,
however, extracting a capacitance value from the obtained Qg param-
eter is non-trivial and leads to discrepancies in the values due to an
intrinsic coupling to the CPE exponent, aq;, particularly due to there
being a pronounced non-ideal capacitive behaviour at the PZC (ie.,
minimum in aq)) and at lower frequencies. This non-linear frequency-
dependence introduces significant challenges in finding appropriate
probing parameters for single frequency measurement techniques such
as AC-CV, in particular, and the consequent processing required as the
choice of probing frequency becomes critical to the obtained capaci-
tance value. In fact, in 0.1 mM HClOy, it was found that a probing fre-
quency of 5 Hz (AE = 10 mV, v = 2 mV s™1) was the most reliable in
terms of extracting accurate Cqypzc values. However, it is our opinion
that the choice of appropriate experimental parameters for AC-CV must
be done in tandem with a high-frequency processing hardware such as
EIS (or a lock-in amplifier), meaning that AC-CV cannot be used as a
stand-alone technique in this context.

Regardless of the individual limitations that each technique poses, a
relatively consistent Parsons-Zobel plot slope of ~0.046 was obtained,
showing that the Pt(111)/HClO4 interface still exhibits highly non-
trivial deviations from ideal Gouy-Chapman behaviour and continues
to highlight the many unknowns of this EDL structure, even in this
model system.
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