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Abstract

The electrochemical properties of a cadmium sulphide/tungsten(VI) sub-oxide (CdS/WOx)
nanocomposite have been explored using aqueous solutions of acetic acid (pH 2.2) and
acidified sodium acetate (pH 5.0), for the purpose of evaluating the origin of pseudocapacitance
within the material. Through transient photocurrent response, galvanostatic charge/discharge
and electrochemical impedance measurements, it was established that cation-intercalation
phenomena were principally responsible for charge-accumulation in the composite and that the
incorporation of ionic species into interstitial surface sites was more energetically favourable
for protons than for sodium ions. The composite displayed promising capacitive performance
in the tested electrolytes, exhibiting Coulombic efficiencies of up to 88% under galvanostatic
cycling at 1.0 mA cm alongside a peak differential capacitance value of 560 mF cm™ during
the discharge phase. From electrochemical impedance spectroscopy data it was further
determined that whilst illumination by white light acted to decrease the series resistance of the
photoanode, all other resistive and capacitive components of the impedance characteristics
were affected negligibly by the irradiation. In combination, the investigations detailed herein
provide an instructive resource for the development of CdS/WOx composites and the
optimisation of electrolytes to improve the performance and chemical stability of such
materials. Furthermore, the study serves as a potential foundation from which to advance the
concept of integrating the conversion and storage of solar energy into a single dual-functional
electrode, in turn facilitating a new generation of photo-supercapacitor devices.

1. Introduction

As the international community endeavours to satisfy its energy demands through sustainable
means, solar power has experienced the most rapid growth of all renewable energy
technologies but nevertheless continues to adopt a minor role in the overall energy landscape:
according to a recent review by British Petroleum[1], whilst the output of photovoltaic panels
increased at an average global rate of 24.3% in 2019, solar power accounted for just 2.7% of
total electricity consumption during that year. In order to enhance our reliance on solar
technologies and other renewable resources, it is necessary that the inherent intermittency of
the sustainable energy sector is circumvented by implementing effective energy storage
solutions to decouple consumer demand from the instantaneous energy supply. Systems such
as hydrogen storage[2-5] (in conjunction with electrolysis[6-8]), compressed air storage[9-11]
and batteries[12-14] offer a means of fulfilling this objective, with many researchers working



towards domestic-scale setups that could facilitate decentralised energy generation through the
emergence of local smart networks of independent self-producers[15].

One of the critical impediments for energy decentralisation is the prohibitive expense
of self-production, with financial incentives often required to ensure that the levelised cost of
electricity (LCOE) for a residential solar/battery microgrid is competitive with grid tariffs over
the lifespan of the system[16]. In order to improve the durability and efficiency of such a
configuration, an electrochemical supercapacitor may be incorporated into the design; these
devices are characteristically able to transfer electrical energy at high power densities, thereby
supporting transient demand spikes induced by switching loads or sudden variations in the
available supply[17]. This hybrid pairing of a battery and a supercapacitor offers a way of
enhancing battery longevity by ensuring that battery cycling is used exclusively to
accommodate continuous, low-frequency components of the supply and load profiles,
decreasing the average depth-of-discharge of the battery during system operation.

As an extension to the concept of a solar-powered microgrid comprising battery and
supercapacitor storage, researchers have begun to explore the possibility of augmenting the
conversion and storage efficiencies by integrating a supercapacitor into the structure of a
photovoltaic cell[18-21]. This device, known as a “photo-supercapacitor” (PS), is most
commonly constructed as a monolithic three-electrode arrangement wherein the supercapacitor
and solar cell share a common counter electrode located at the centre of the configuration.
Controlling circuitry is employed to access the two modules of the device independently of one
another, enabling power to be extracted strategically from either the supercapacitor or the solar
cell. During photo-charging, the circuit disconnects both modules from the load and allows
charge to be transferred from the irradiated photoanode of the photovoltaic section to the
working electrode of the supercapacitor. By utilising a plethora of electrode and electrolyte
combinations, monolithic three-electrode PS systems[22-26] have been developed that exhibit
typical current densities in the range 14-19 mA cm, open-circuit potentials of 0.7-1.0 V,
photovoltaic fill factors of between 0.5 and 0.7, and integral capacitance values on the order of
10-100 mF cm at a galvanostatic discharge current density of at 1.0 mA cm™.

However, despite the success of three-electrode PS designs at the laboratory-scale, the
segregation of energy conversion and storage within these devices remains conceptually similar
to the rudimentary modular approach of implementing supercapacitor storage alongside a
separate, standalone solar cell. Indeed, whilst the introduction of a common counter electrode
serves to improve storage efficiency by minimising the electrical resistance encountered by
charge travelling between the photovoltaic and supercapacitor modules, one cannot
significantly reduce the size, complexity or cost of a solar cell/supercapacitor pairing without
integrating the two devices in a more meaningful manner. To this end, the present authors
recently explored the concept of simultaneously converting and storing energy from solar
irradiation at a single photocapacitive working electrode[27], which was achieved through the
low-temperature solvothermal synthesis of a cadmium(Il) sulphide (CdS)/tungsten(VI) sub-
oxide (WOx) nanocomposite. By combining X-ray and UV photoelectron spectroscopy (XPS
and UPS, respectively) measurements with Tauc plots constructed from diffuse reflectance
spectroscopy (DRS) data, it was possible to relate the three-electrode transient photocurrent
response (TPR) of the material to the relative valence and conduction band energies of the CdS
and WOy components. In particular, it was surmised that the measurement of a tenfold
photocurrent enhancement with respect to a CdS electrode may be rationalised as a Z-scheme



of electron exchange[28] between the conduction band of the semi-metallic WOy to the valence
band of CdS. It was further suggested that the capacitive behaviour of the composite resulted
from the trapping of photoexcited valence electrons at the WOy surface.

In the present work, three-electrode electrochemical investigations are employed to
identify the underlying pseudocapacitance mechanisms of the CdS/WOyx nanocomposite in
acidic aqueous electrolytes. By measuring the equivalent series resistance (ESR) and the
differential capacitance at different galvanostatic charge/discharge currents in various solutions
of acetic acid and sodium acetate, the effects of proton- and sodium-intercalation[29-31] are
explored in relation to the measured pseudocapacitance. Moreover, the solar conversion
efficiency and chemical stability of the composite under cycled irradiation are assessed for
each electrolyte system, providing qualitative insight into the impacts of different ionic species
on essential aspects of photoanode performance.

2. Experimental Methods

2.1. Composite synthesis

The CdS/WOx nanocomposite was synthesised in accordance with a two-step solvothermal
protocol reported previously by the present authors[27]. In the first phase of this process,
CdS nanoparticles were produced by heating a 60 mL aqueous solution of cadmium(ll)
acetate (167 mM) and thiourea (333 mM) at 180 °C for ten hours inside a 125 mL stainless
steel Parr acid digestion bomb. After allowing the vessel to cool naturally to room
temperature, the CdS product was cleaned through repeated centrifugation into deionised
water and absolute ethanol, before being dried overnight at 80 °C. Finally, the CdS was
ground into a fine powder using a pestle and mortar.

In the second synthesis step, oxygen-deficient WOx nanowires were grown
solvothermally at the surface of the CdS nanoparticles. Following approximately eight
minutes of sonication in absolute ethanol (10 mL), the CdS (20 mM) was added to a 60 mL
solution of tungsten(V1) chloride (20 mM) in a 4:1 v/v mixture of absolute ethanol and
ethylene glycol, with the resulting suspension then sealed inside a 125 mL stainless steel
Parr acid digestion bomb and heated at 180 °C for a period of 24 hours. The bomb was
again allowed to cool naturally to room temperature, and the CdS/WOx product was
subsequently obtained through repeated centrifugation into deionised water and ethanol and
drying at 80 °C overnight.

2.2. Electrochemical testing

CdS/WOx photoanodes were prepared by firstly sonicating the as-prepared CdS/WOx
product (5.0 mg) in 1.0 mL of absolute ethanol for a period of twenty minutes, before
depositing the suspension dropwise via dropping pipette over a polyimide tape-masked 1.0
cm? area of FTO-coated glass (Solaronix TCO22-LI, of quoted resistivity 7 Q sq*) heated
at 70 °C on a hot-plate. Following removal of the polyimide mask, exposed areas of the
FTO surface were coated with a UV-curing epoxy before exposing the electrode to UV
irradiation from a Thermo-Scientific Pierce 8 W UV Lamp (wavelength 302 nm and power



density 2.8 mW cm) for one hour. The photoanode was completed by affixing a silver-
plated copper wire to the upper end of the electrode using adhesive copper tape.

Electrochemical investigations were conducted through use of a three-electrode setup
comprising a Ag/AgCl reference electrode (3M KCI) and platinum-mesh counter electrode,
with electronic control and data-acquisition carried out by an lvium-n-Stat Multichannel
Electrochemical Analyser. Three different electrolyte solutions were employed within the
study, including solutions of acetic acid (1.0 M, with a measured pH values of 2.2) and
aqueous sodium acetate acidified with glacial acetic acid (0.1 M and 6.0 mM, with pH
adjustment to a value of 5.0); the pH of each electrolyte solution was measured using a
Mettler Toledo FiveGo F2 pH meter, for which pH calibration was achieved through use
of phosphate buffer solutions with pH values of 1.68, 7.00 and 10.06. To enable
measurement of the transient photocurrent response (TPR) at 0 V vs Ag/AgCl, the three-
electrode arrangement was placed inside a custom-built LED light-box designed to provide
back-illumination of the photoanode at an incident irradiative power density of 100 mW
cm?; details pertaining to this power density calibration are provided in Fig. S1 of the
Supporting Information and the accompanying discussion.

To determine the equivalent series resistance (ESR) and the variation of differential
capacitance variation with respect to current density and working potential, galvanostatic
charge/discharge experiments were conducted in the dark. In each GCD test, current was
allowed to stabilise for one minute at an applied potential of 0.5 V vs Ag/AgCl before
decreasing the potential at constant current density to a value of either -0.5 V or -1.0 V vs
Ag/AgCl, depending on the properties of the electrolyte under test. Upon reaching the
assigned potential limit, the current was reversed without change to its magnitude in order
to ramp the potential of the working electrode back to the starting value of 0.5 V vs
Ag/AgCIl. Values of current density were address in a staggered order for the purpose of
identifying any systematic drift during the course of the investigations. In order to eliminate
the effects of measurement fluctuations from differential capacitance calculations, a
moving average was applied to GCD potential measurements when estimating the time
derivative of potential at each data-point; the number of points included in the moving
average was selected according to the particular signal-to-noise ratio of a given data-set.

Further evaluation of the impedance characteristics was achieved both by varying the
frequency of sinusoidal potential perturbations about a constant direct-current potential bias
and by altering the applied potential at a constant perturbation frequency. In the first
instance, measurements of the real and imaginary components of impedance were recorded
at five frequency values per decade between 15.9 kHz to 0.1 Hz at -0.5 V vs Ag/AgCl,
using a perturbation amplitude of 10.0 mV and an acquisition time of 10 s at each frequency
value; these electrochemical impedance spectroscopy (EIS) experiments were conducted
both in darkness and under continuous white light irradiation at a power density of 100 mW
cm. Mott-Schottky analysis was facilitated by measuring the differential capacitance of
each electrode in darkness at working potential intervals of 50 mV between 0.5V and -1.0
V vs Ag/AgCl, with the frequency and amplitude of potential variations set to 1.0 kHz and
10.0 mV, respectively.



3. Results and Discussion

3.1. Transient photocurrent response (TPR)

By investigating the transient photocurrent response (TPR) of the CdS/WOy nanocomposite
in the presence of aqueous sodium sulphate (0.5 M), it was demonstrated in a previous
publication by the present authors[27] that the addition of WOx could be exploited to
increase photocurrent under one Sun irradiation by an order of magnitude relative to CdS
alone. However, significant electrode instability was evident during the course of these
experiments, with the photocurrent halving over a period of approximately twenty minutes
from the onset of illumination. Since the equivalent testing of a CdS photoanode yielded a
far lower rate of photocurrent decay, it was deduced that degradation of the WOx
component was responsible for the diminishing performance of the photoanode; indeed, it
has been shown elsewhere that WOx compounds are susceptible to attack by peroxyl
radicals produced during the incomplete oxidation of water molecules[32-34].
Consequently, a key consideration in the design of the present study was the interplay
between anionic species and the composite surface, and in particular the capacity of the
selected electrolyte to suppress the formation of deleterious peroxyl radicals.

In a study by Hill et al.[34], the stability of WO3 electrodes was explored in the presence
of sulphate, chloride, phosphate, perchlorate and acetate anions. The investigations
revealed that of all of the electrolytes employed, the greatest chemical stability was
afforded by acetate ions at a pH value of 3 in the absence of sodium cations. In an attempt
to reproduce a similar degree of stability for the present treatment, it was thus decided that
the CdS/WOx photoanodes would be tested in a selection of three aqueous acetic acid and
acidified sodium acetate electrolytes; for the purposes of succinctness and ease of reference,
the four samples are to be henceforth assigned identifiers of the form “species-
concentration-pH”, where the concentration is given in mM and the “species”
denominations “NaAc” and “HAc” denote aqueous solutions of sodium acetate (with pH
adjustment by glacial acetic acid) and acetic acid, respectively. Four CdS/WOx
photoanodes were prepared, with each allocated one of the three selected electrolytes for
electrochemical testing: two photoanodes were tested exclusively in agueous sodium
acetate (0.1 M, with pH adjustment to 5.0), whilst the remaining two electrodes were
immersed in an alternative sodium acetate solution (6.0 mM, with pH adjustment to 5.0) or
acetic acid (1.0 M, with a measured pH value of 2.2).

It should be recognised that since acetic acid is a weak acid, the concentrations of
dissociated hydroxonium cations and acetate anions in the HAc-1000-2.2 solution were 6.0
mM, which is significantly lower than the initial concentration of acetic acid that was
introduced into the system. The concentration of sodium acetate in NaAc-6-5.0 was
deliberately matched to the acetate anion concentration in HAc-1000-2.2 in order to enable
the individual effects of the sodium and hydroxonium cations to be discerned from
electrochemical measurements. In the case of the NaAc-100-5.0 systems, the testing of two
equivalent electrodes in the same sodium acetate electrolyte was designed to evaluate the
impacts of repeatability issues such as differences in surface-coverage or inhomogeneities
within the CdS/WOx stock powder; in order to distinguish between these systems in the
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upcoming discussions, the NaAc-100-5.0 identifier is to be appended with the suffix “a” or
“b” as required.

In the first phase of the electrochemical investigations, each of the four CdS/WOx
photoanodes was exposed to a square-wave pulse-train of white light irradiation at a power
density of 100 mW cm, and the resulting photocurrent was measured at an applied
working electrode potential of 0 VV vs Ag/AgCI. As shown in Fig. 1a, which plots the
photocurrent density, J, as a function of time, t, the NaAc-100-5.0 electrodes delivered
highly disparate photocurrent behaviours despite the identical experimental conditions of
the two systems. Indeed, the photocurrent generated by NaAc-100-5.0b was of lower
magnitude than the corresponding current from NaAc-6-5.0, even though the latter
contained 94% fewer sodium and acetate ions. Normalisation of the measurements,
depicted in Fig. 1b, reveals that the NaAc-100-5.0 systems also exhibited different rates of
photocurrent decay, suggesting that the degradation of CdS/WOy was intrinsically linked
to current density and, accordingly, the rate of charge-exchange between the electrolyte and
composite. Nevertheless, the deterioration rate of NaAc-100-5.0b was remarkably similar
to rate of photocurrent decay in HaAc-100-2.2, which produced by far the largest
photocurrent response of the four systems. It is therefore evident that the properties of a
TPR signal generated at constant working potential are strongly dependent on
indeterminate factors involved in sample preparation, and that these may be sufficient to
offset variations resulting from modifications to the electrolyte solution.

From the outlined discrepancies in Fig. 1 it is clear that whilst the TPR measurements
offer a qualitative indication of system behaviours, they cannot be used to attain
quantitative insight into impedance properties or the mechanisms responsible for the
observed photocapacitance characteristics. Furthermore, it is important to acknowledge
that the TPR experiments represented in Fig. 1 correspond to a single working electrode
potential, and hence they provide no information pertaining to the variation of impedance
components with respect to the potential, current density or the frequency of potential
perturbations. In order to better understand these relationships, it is necessary to address
alternative characterisation techniques including galvanostatic charge/discharge (GCD)
testing and electrochemical impedance measurements.
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Fig. 1. Absolute (a) and normalised (b) transient photocurrent response (TPR) data from
CdS/WOx photoanodes in various aqueous electrolytes under pulsed white light irradiance
at a calibrated incident power density of 100 mW cm™.



3.2. Galvanostatic charge/discharge (GCD)

In the direct-current mode of operation, it is commonly appropriate to represent a capacitive
electrode as an equivalent circuit composed of a constant “equivalent series resistance”
(ESR), Resr, in series with a differential areal capacitance, C, that accounts for the
combination of electric double-layer capacitances and pseudocapacitances associated with
charge-exchange mechanisms between the electrode and surrounding electrolyte[31, 35];
the validity of the assumption that Resr is constant is verified in Section 3.3 through
consideration of electrochemical impedance measurements. By invoking Ohm’s law, the
measured potential difference V across the electrode during a charging phase follows the
first-order differential equation

daj v
RgspC 3+ —C5- =0, 1)

where J denotes the current density through the electrode and t is the charging time. One
may similarly describe the discharge behaviour through use of the expression

dj v
RespC— —J+C =0, (2)

where t now corresponds to the total time of discharge. During a complete galvanostatic
charge/discharge (GCD) cycle, the magnitude of J is held constant so that the time
derivative of J vanishes; accordingly, Egs. (1) and (2) yield the relation

c=p @

which enables the functional form of C(V) to be evaluated from the measured derivative of
V with respect to t. Furthermore, since it is necessary to impose the condition that the
potential difference across C is continuous at the changeover between the charging and
discharging phases, V exhibits a discontinuity of magnitude AVcq at this point, where

: 3)

AVeq = 2] RgsR- (4)

Provided that the series equivalent circuit delivers an adequate approximation of a
pseudocapacitive electrode, is thus possible to derive estimates for both C and Resr from
the GCD characteristics of the system.

GCD measurements obtained from the four CdS/WOy photoanodes are displayed in
Fig. 2; all of the tests were undertaken from a starting working electrode potential of 0.5 V
vs Ag/AgCl, with subsequent charging and discharging carried out at a constant current of
magnitude J. By recalling the form of Eq. (3) it is evident that NaAc-6-5.0 exhibited a far
lower storage capacity than the other three systems over the investigated ranges of Jand V,
despite the 6.0 mM sodium acetate solution comprising the same concentrations of cations
and acetate anions as the 1.0 M acetic acid electrolyte. One may infer from this result that
the intercalation of protons into WO« micropores occurred more readily than the equivalent
intercalation of sodium, which is attributable to the larger radius[36] and correspondingly
inferior ionic mobility of a sodium cation[37-39], in addition to the relatively high energy
cost of detaching its solvation sphere[40]. Nevertheless, the ability of sodium ions to
contribute to the overall pseudocapacitance is evidenced by the GCD behaviours of the
NaAc-100-5.0 systems, for which the rate of potential change at given J was of similar



magnitude to the equivalent HAc-1000-2.2 data-set. Indeed, since the pH values of NaAc-
6-5.0 and NaAc-100-5.0 were identical, it follows that the different sodium concentrations
were alone responsible for the disparate capacitances of these systems, and moreover that
sodium-intercalation was the predominant pseudocapacitance mechanism in each case.
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Fig. 2. Galvanostatic charge/discharge (GCD) potential measurements from the NaAc-100-
5.0a (a), NaAc-100-5.0b (b), NaAc-6-5.0 (c) and HAc-1000-2.2 (d) systems acquired in the
dark at various magnitudes of galvanostatic charge/discharge current density.

In accordance with mean-field capacitance theories such as the Goodwin-Kornyshev
model[41-43] and computational treatments that attempt to encompass the effects of
intercalation processes[44-46], charge accumulation at the CdS/WOx exhibited a strong
potential dependence and the electrodes possessed negligible capacitance above a particular
potential value known as the “potential of zero charge”. A more quantitative comparison
of the present pseudocapacitance behaviours is facilitated by Fig. 3, which plots the C(V)
functions derived by applying Eqg. (3) to the GCD traces shown in Fig. 2; it is worth noting
that the C values achieved by the HAc-1000-2.2 and NaAc-100-5.0 electrodes at 1.0 mA
cm are of comparable magnitude to the corresponding integral capacitance estimates for
reported photo-supercapacitor prototypes addressed in the Introduction, although one
should recognise that the integral capacitance averages the time derivative of V across the
entire potential window. Despite the marked disparities between the TPR properties of the
two NaAc-100-5.0 systems, the corresponding C(V) relationships shown in Figs. 3a and b
are remarkably similar in form, albeit with significant differences in magnitude. Due to the
rudimentary nature of the drop-casting deposition protocol used to prepare the composite
films, however, it is likely that these differences are attributable to variations in CdS/WOx



surface coverage between the two NaAc-100-5.0 electrodes. Another discrepancy between
NaAc-100-5.0a and NaAc-100-5.0b are the appearance of local maxima in the capacitive
charging trends of Fig. 3b that are notably absent from the equivalent measurements in Fig.
3a. Yet despite the seemingly conspicuous nature of these peaks, it is worth noting that they
originate from near-imperceptible variations in the gradients of the charging curves
depicted in Fig. 2b; for this reason, it is possible that the maxima in Fig. 3b are experimental
artefacts rather than manifestations of an underlying physical phenomenon.

In contrast to Figs. 3a and b, the C(V) relationships of NaAc-6-5.0 plotted in Fig. 3c are
indicative of charge/discharge cycles with low Coulombic efficiencies, as the cumulative
area bounded by each discharge curve is considerably lower than the associated area of the
charging phase that precedes it. Conversely, the HAc-1000-2.2 system was ostensibly able
to retain a high proportion of incident charge at J values of 1.0-2.0 mA cm?, as the
associated charge and discharge relationships in Fig. 3d enclose areas of comparable
magnitude. At higher current densities, however, the Coulombic efficiency diminished due
to the large potential offset between the end of the charging phase and the beginning of the
subsequent discharge, which, from Eqg. (4), is indicative of a high-valued ESR.
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Fig. 3. Calculated relationships between the differential capacitance, C, and potential, V,
during the charge/discharge phases of NaAc-100-5.0a (a), NaAc-100-5.0b (b), NaAc-6-5.0
(c) and HAc-1000-2.2 (d) at various galvanostatic current densities; these trends were
acquired via application of Eq. (3) to the corresponding galvanostatic charge/discharge
(GCD) measurements displayed in Fig. 2.



To explore the effect of the electrolyte on Resgr, Fig. 4 depicts the measured
relationships between the potential discontinuity AVcq at the charge/discharge changeover
and the applied current density. The assumption that the ESR represents a constant series
resistance is supported by the plotted trends, as in all instances AV¢q was found to scale in
direct proportion to J, in accordance with Eq. (4). Comparison of the ESRs once again
illustrates the electrochemical similarity between the NaAc-100-5.0 systems, with the Resr
estimates obtained from the gradients of Figs. 4a and b differing by approximately 3% from
the mean of the two values. Conversely, the calculated ESR of NaAc-6-5.0 was a factor of
2.6 higher than the ESR of HAc-1000-2.2, despite the equal cation and acetate anion
concentrations of these systems; it is therefore apparent that the nature of the cationic
species had a considerable influence not only on the measured pseudocapacitance of the
CdS/WOx photoanode, but also on the resistance encountered during charge-transfer across
the electrode/electrolyte interface. This result reinforces the previous deduction that whilst
protons and sodium cations were both able to intercalate into the WOy surface lattice
structure, the intercalation process was either thermodynamically or kinetically more
favourable in the latter case.
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Fig. 4. Estimated variations of the potential discontinuity, AVcq, between the galvanostatic
charge and discharge phases of NaAc-100-5.0a (a), NaAc-100-5.0b (b), NaAc-6-5.0 (c) and
HACc-1000-2.2 as a function of the current density J; each AV value was acquired by
consulting the relevant galvanostatic charge/discharge (GCD) data-set shown in Fig. 2, and
the equivalent series resistance (ESR), Resr, of the systems were determined by inserting
the measured gradients of the linear AVcq4(J) relationships into Eq. (4).



It was noted previously that the Coulombic efficiency, 7q, of an electrode is intrinsically
linked to the ESR of the system, with a high ESR reducing the range of J values over which
high Coulombic efficiency can be sustained. This point is further illustrated by explicitly
evaluating the Coulombic efficiency according to the definition[47]

1 = 100 g—‘:%, )

where Q¢ and Qq respectively denote the total charge transferred during a charging or
discharging phase. The quantities may be calculated either by integrating C(V) with respect
to V over the entire potential range or by taking the product of J and the duration of the
charging/discharging phase; in the present analysis, #q has been approximated as the mean
of the two values generated by these alternative methods, with the assumed uncertainty in
the resulting estimate given as the difference between each value and the mean. As shown
in Fig. 5, the Coulombic efficiency of all four systems declined with increasing J, with
NaAc-6-5.0 producing #nq values of less than 50% despite the low current densities
employed during GCD testing of the system. Whilst the #q values of NaAc-100-5.0 and
HAC-1000-2.2 remained above 60% when J was less than or equal to 2 mA cm, the
Coulombic efficiency of the latter system decreased to approximately 1% at 3 mA cm?; as
acknowledged previously, the superior efficiencies of the NaAc-100-5.0 systems at high
current densities correlates with the relatively low Resr value of the 100 mM sodium acetate
electrolyte.
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Fig. 5. Coulombic efficiency, g, of galvanostatic charge/discharge (GCD) cycles as a
function of current density J in the case of NaAc-100-5.0a (a), NaAc-100-5.0b, NaAc-6-
5.0 (c) and HAc-1000-2.2 (d). Estimates of nq were obtained by applying Eg. (5) to the



GCD measurements depicted in Fig. 2, with the total charge exchanged during a
charge/discharge phase equated to either the product of J and the phase duration or the area
enclosed by the relationship between differential capacitance, C, and potential, V; the
plotted #q data are given by the mean of the #q values yielded by these methods, with the
uncertainty in each 7q data-point approximated as half of the difference between the two
nq estimates.

3.3. Electrochemical impedance measurements

Whilst GCD testing enables the analysis of the direct-current resistance and capacitance
properties of an electrochemical system, one must utilise electrochemical impedance
techniques to assess how these variables behave with respect to the magnitude or oscillation
frequency, f, of the applied potential. An oft-used method for characterising the C(V)
variation at a single kHz-scale frequency of sinusoidal potential perturbations is Mott-
Schottky analysis, which affords insight into the energy level structure of an electrode
material[48]. Provided that the Mott-Schottky experiment is conducted at a sufficiently
value of f, the period of the oscillations is too short for charge-exchange processes to
contribute significantly to the overall capacitance of the system[49]. Consequently, the
predominant capacitance mechanism is the formation of a surface space-charge region that
is charge-balanced by the interfacial accumulation of electrolytic species within a region
known as the Helmholtz layer; this phenomenon manifests as an electric double-layer
capacitance, Cgq, that is typically several orders of magnitude smaller than the
pseudocapacitance at zero frequency. If one assumes that the capacitance of the Helmholtz
layer, Ch, is much greater than the space-charge capacitance at the electrode surface, the
inverse square of the measured capacitance can be expressed as[48]
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where & and ¢ respectively denote the permittivity of free-space and the relative
permittivity of the electrode material, ks is Boltzmann’s constant, T is temperature, q is the
elementary unit of electronic charge, Np is the volume density of surface donor states and
Vg is the “flat-band potential” of the electrode, which is defined as the value of V at which
there is zero band-bending at the electrode surface. By invoking Eq. (6) in conjunction with
prior knowledge of ¢, it is possible to approximate Np from the gradient in the linear regime
of the measured Cqi(V)2 function, whilst extrapolation of this linear relationship to infinite
Cai enables estimation of Ves.

In Fig. 6, Mott-Schottky plots have been constructed from Cg measurements
corresponding to the NaAc-100-5.0 and HAc-1000-2.2 systems at a constant potential
perturbation frequency of 1.0 kHz; the Cq range spanned by NaAc-6-5.0 was significantly
lower than in the three systems represented in Fig. 6a, so, for the purpose of visual clarity,
this electrode is addressed separately in Fig. 6b. A linear fitting function (plotted as a
dashed grey line) has been generated for each data-set by applying a least-squares
regression protocol to data-points for which the gradient of Cai(V)? is greater than two
thirds of the maximum value. The functional form of the Cqi(V) relationship varies little
between the two NaAc-100-5.0 data-sets, and the consistency between the corresponding
linear fits indicates that these systems possessed similar concentrations of surface donor
states. Although there is a notable offset between the NaAc-100-5.0 traces, yielding a



difference of approximately 77 mV between the associated Vrg estimates, this discrepancy
is possibly attributable to a marginal difference in the Helmholtz capacitances of the two
samples, as evidenced by the disparate plateau values of Cq when V is significantly more
negative than Vrg[50, 51]; indeed, in cases where Cy is insufficiently large for its series
contribution to Cqi to be disregarded, Cai(V) deviates from the form predicted by Eq. (6)
and one can no longer reliably estimate Np or Vrs from the gradient and x-intercept,
respectively, of the Mott-Schottky plot. As in the case of the C(V) trends from Figs. 3a and
b, it is possible that such variations in the constituent components of Cg are indicative of
differences between the areal coverages of the NaAc-100-5.0 electrodes.

The final relationship depicted in Fig. 6a belongs to HAc-1000-2.2, and it is
characterised by a sharp change in Cq that produces a Vrs estimate in the vicinity of 0 V vs
Ag/AgCI. Whilst formal estimation of Np from the linear regime of Cqi(V)? is problematic
due to aforementioned considerations regarding the relative magnitudes of the Helmholtz
and space-charge capacitance contributions, it is nevertheless instructive to apply Eq. (6)
as a means of identifying qualitative differences between electrode surface characteristics.
Approximating ¢ as 50, which is typical value for WOy films[33], and further assuming a
standard system temperature of 298.15 K, an Np value of 3.26 x 10*° cm™ is obtained for
the HAc-1000-2.2 system; this Np estimate is significantly lower than corresponding
figures of 1.21 x 10%° cm™ and 1.55 x 10%° cm® acquired from the NaAc-100-5.0 fits under
the same assumptions. This marked difference between the NaAc-100-5.0 and HAc-1000-
2.2 systems indicates that electronic surface properties of the CdS/WOyx composite were
modified by chemical interactions with the electrolyte.

It is evident from the Mott-Schottky analysis of NaAc-6-5.0 and HAc-1000-2.2 that
hydroxonium ions supported a higher quantity of electrode surface charge than an
equivalent concentration of sodium ions, as the former system exhibited markedly lower C
values at a given bias potential; this result is possibly attributable to the relatively low
diameter of hydroxonium ions with respect to their sodium counterparts, yielding a greater
charge density an enhanced capacity to access surface sites. The Mott-Schottky plots in
Fig. 6 may also be used to quantify the relative impacts on the cation species on donor
density: the linear portion of the NaAc-6-5.0 data-set yields a value of 4.39x10% for Np,
which is marginally higher than the corresponding Np estimate of HAc-1000-2.2. However,
one should again recall that the reliability of each Np estimate is contingent on the
Helmholtz layer exhibiting a much greater capacitance than the space-charge region; this
condition is not adequately satisfied by the NaAc-6-5.0 and HAc-1000-2.2 data-sets, as the
magnitude of C?2 did not become negligible as the bias potential tended towards
increasingly negative values. It is also important to recognise that the high ESR of NaAc-
6-5.0 significantly suppressed current density during impedance measurements, which in
turn introduced sizeable uncertainties into the Mott-Schottky plot displayed in Fig. 6b. For
these reasons, one cannot reasonably infer phenomenological differences in the interactions
of hydroxonium and sodium ions with surface donor states from the disparity between the
Np estimates of NaAc-6-5.0 and HAc-1000-2.2.
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Fig. 6. Mott-Schottky plots relating the electric double-layer capacitance, Cqi, of the HAC-
1000-2.2 and NaAc-100-5.0 systems (a) or NaAc-6-5.0 (b) to the potential applied to the
unirradiated CdS/WOx electrode at a constant potential perturbation frequency of 1.0 kHz;
within each data-set, a linear fit (depicted as a dashed line) has been applied to data-points
that correspond to a gradient with magnitude greater than two-thirds of the maximum value.
In accordance with Eqg. (6), the donor state density, Np, and flat-band potential, Vrg, of a
given system are estimable from the gradient and x-intercept, respectively, of the linear fit,
provided that the capacitance of the Helmholtz layer, Cn, was much greater than the
corresponding capacitance of the space-charge region.

Mott-Schottky and GCD analyses share the common feature of characterising the
capacitance of an electrode at a single frequency of potential perturbations. In order to
investigate the variation of capacitance as a function of f one must instead utilise
electrochemical impedance spectroscopy (EIS), wherein the real and imaginary
components of system impedance, Z, are determined over a range of oscillation frequencies
at a constant bias potential. From these measurements it is possible to quantify various
aspects of the electrochemical system in terms of the elements of an appropriate equivalent
circuit model such as the example illustrated in Fig. 7[52-55]; for instance, the extrapolated
resistance in the limit of infinite f corresponds to the total series resistance of the electrode
and electrolyte combination, Rin, whilst the electric double-layer capacitance, Cqi, and the
effective resistance of charge-transfer processes, Ret, are commonly estimable from the
diameter and peak position of the semi-circular relationship between imaginary and real
impedance at intermediate frequencies. As one approaches the direct-current mode of
operation, the EIS behaviour is predominantly dictated by pseudocapacitance mechanisms;
this contribution can often be described by a finite-space Warburg impedance, Zw, given
by[53-61]

Ty = /;RCZ coth(,/3iwRpCp), @)

where w is the angular frequency of potential oscillations, and Rp and Cp respectively
correspond to characteristic resistance and capacitance values from an open-circuit
transmission-line model of species diffusion. One should acknowledge that in the limit of
zero f, whereupon Eq. (7) simplifies to

lim Zy = Rp + — 8)
w—-0

iwCp



and Z can be correspondingly expressed as

: _ (Ret+Rp)Cp® 1
(Llir(l)Z = Rin + (Ca1+Cp)? iw(Cq1+Cp)’ ©)
it follows from the schematic in Fig. 7 that if Cp is much greater than Cq, the C and Resr
estimates yielded by GCD analysis are equivalent to Cp and the sum of Rin, Ret and Rp,
respectively.
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Fig. 7. Schematic representation of an equivalent circuit commonly used to describe the
impedance characteristics of a pseudocapacitive supercapacitor system. The circuit
comprises an electric double-layer capacitance, Cq, a series resistance, Rin, that corresponds
to the system resistance in the limit of infinite frequency, a second resistance, Rct, associated
with energy losses during charge-transfer processes between the electrode and electrolyte,
and a finite-space Warburg impedance, Zw, generated by intercalation phenomena.

By making use of the EIS technique, it is possible to explore how different stimuli
influence the impedance behaviour of an electrochemical system. To this end, Fig. 8 depicts
the effects of irradiance and applied bias potential on the impedance spectra of NaAc-100-
5.0a, with the results provided in the form of a logarithmic Bode plot in Fig. 8a and as a
Nyquist plot in Fig. 8b. By holding the bias potential of the photoanode constant with
respect to the Ag/AgCI reference electrode throughout each EIS test, incident white light
could not alter the quasi-Fermi level of electrons within the CdS/WOx composite, meaning
that the equilibrium concentration of conduction band electrons could not be varied by the
irradiance. For this reason, any discrepancies between the “light” and “dark” impedance
relationships at a given bias potential must be ascribed to light-induced alterations to the
intrinsic resistances or capacitances of the electrochemical system. Conversely, the “dark”
data-sets represented in Fig. 8 were acquired under identical conditions except for the bias
potential applied in each case, with the potential difference between experiments
corresponding to a proportional shift in the quasi-Fermi level of electrons and a resulting
variation in the population of conduction band states.

It is evident from both representations of the EIS data that irradiation of the photoanode
at constant working potential had a negligible influence on impedance characteristics at
frequencies exceeding 100 Hz, although a minor deviation occurred at lower frequencies.
In the latter instance, the derivative of Im(Z) with respect to Re(Z) was ostensibly
unaffected by white light illumination, suggesting that resistance contributions were alone



responsible for the measured change in Z. By contrast, a negative shift of the working
potential produced a systematic, frequency-invariant decrease in Z; this phenomenon is
consistent with a reduction in the value of Rin, leading to a translation of the Nyquist plot
along the real axis without altering its form. Recalling the derivation of Eq. (4) in Section
3.2, one should note that this potential-dependence of Rin contradicts the previous
assumption that Resr remained constant as a function of applied potential; however, the
variation in Rin between -0.5 V and -1.0 V vs Ag/AgCl represents a small percentage of the
measured ESR, and hence the assumed potential-invariance of Resr is approximately
satisfied over the experimental potential range.
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Fig. 8. Bode (a) and Nyquist (b) plots characterising the relationships between the
magnitude of impedance, Z, its real and imaginary components, and the frequency, f, of
sinusoidal potential perturbations, measured by electrochemical impedance spectroscopy
(EIS); the plotted variations depict NaAc-100-5.0a system behaviours at bias potentials of
-1.0 V or -0.5 V vs Ag/AgCl, both in darkness and under irradiance by white light at a
calibrated incident power density of 100 mW cm™,

In combination with the Mott-Schottky analysis and the GCD measurements detailed
in Section 3.2, the EIS characterisation of NaAc-100-5.0a provides an instructive
illustration of the relationships between externally applied stimuli and various
photoelectrochemical properties of CdS/WOx. In particular, the outlined comparison of EIS
behaviours suggests that whilst a selection of equivalent circuit elements are required to
describe the measured impedance behaviours, these components may be regarded as
approximately independent of irradiance levels or bias potential, with the exception of the
series resistance Rin. In a previous publication by the present authors[27] it was
demonstrated that the open-circuit potential of CdS/WOx becomes increasingly negative
when exposed to white light, and hence it follows from the EIS analysis that this incident
irradiation can be approximately described as a conventional source of voltage and current
in series with the equivalent circuit shown in Fig. 7. This simplified representation of the
photoanode serves as a useful means of predicting system performance across a range of
load conditions relating to a variety of device applications.

4. Conclusions

By utilising transient photocurrent response (TPR), galvanostatic charge/discharge (GCD),
Mott-Schottky and electrochemical impedance spectroscopy (EIS) techniques, the



electrochemical characteristics of a CdS/WOx nanocomposite have been investigated with
the aim of elucidating the underlying charge-storage mechanisms in acidic aqueous
electrolytes. Insight into the relative impacts of sodium- and proton-intercalation has been
attained through comparison of the capacitance behaviours of CdS/WOx photoanodes in
different acetic acid and acidified sodium acetate electrolytes, with the effects of bias
potential, white light irradiance and the frequency of potential perturbations explored
during the course of the study.

From GCD testing it was discovered that whilst sodium-intercalation yields a
significant contribution to the overall pseudocapacitance of a CdS/WOx electrode, this
process is far less prevalent than proton-intercalation at a given concentration of the
intercalating cationic species. In particular it was shown that whilst peak areal capacitance
values on the order of 100 mF cm were attainable during galvanostatic charging at 1.0-
3.0 mA cm? in an acetic acid solution containing 6.0 mM hydroxonium ions, areal
capacitances of this magnitude could only be achieved by limiting the current density to
200 pA cm when the hydroxonium content was substituted for an equal concentration of
sodium ions. Furthermore, the Coulombic efficiency of a GCD cycle was below 50% at
200 pA cm™ in 6.0 mM sodium acetate solution, whereas a corresponding efficiency of
more than 80% at 1.0 mA cm was produced in the case of an acetic acid electrolyte of
identical cation concentration. In each of these systems, the low availability of ionic species
yielded a high equivalent series resistance that in turn led to a rapid decline in Coulombic
efficiency with increasing current density; however, this deterioration was suppressed by
augmenting the solution concentration, with the Coulombic efficiency remaining above
50% at 3.0 mA cm for electrodes immersed in a 100 mM solution of sodium acetate.

In addition to evaluating the dependence of pseudocapacitance on the nature and
concentration of the electrolyte, other components of the impedance behaviour were
investigated such as the constituent resistances of the system and the electric double-layer
capacitance. Through Mott-Schottky analysis of the capacitance as a function of bias
potential, it was possible to obtain a quantitative understanding of the relationship between
the electrolyte and electronic surface donor states: it was evident, for instance, that
electrolytic species acted to modify the density of these states, as a 100 mM sodium acetate
solution generated an almost fourfold increase in the estimated donor density relative to an
acetic acid electrolyte of lower ion concentration. Furthermore, the relationship between
capacitance and bias potential varied considerably upon changing the identity of cation
species: sodium ions produced a lower relative permittivity at given bias potential than an
equivalent concentration of hydroxonium ions, conceivably due to the higher charge
density of the hydroxonium ion and its increased capacity to access surface sites.

Finally, the variation of impedance as a function of potential oscillation frequency was
investigated, including the effects of white light irradiance and potential bias. It was
demonstrated that whilst a shift in the applied potential resulted in a corresponding decrease
in the equivalent series resistance in the infinite frequency limit, incident white light had
little effect on the impedance characteristics aside from producing a fractional decrease in
the resistance associated with intercalation processes. Neither this resistance nor the
equivalent capacitances of the system were appreciably affected by exposure to white light
or changes in the applied bias; hence it was suggested that the effects of irradiation may be
satisfactorily modelled as a conventional source of voltage and current at the input of the
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electrochemical equivalent circuit, with the caveat that the infinite-frequency series
resistance exhibits a small but significant dependence on the supplied potential.

The mechanistic insights provided by the present study offer a useful foundation for the
future integration of CdS/WOy composites into functional photo-supercapacitor prototypes.
Moreover, whilst it was clear from photocurrent degradation encountered during TPR tests
that the chemical stability of the composite in aqueous electrolytes has yet to be resolved,
the task of optimising the electrolyte to maximise system performance is facilitated by the
discussions outlined herein. Building on the present work, there is considerable scope for
further investigations to address residual stability issues and to improve photocurrent
density by exploiting alternative deposition techniques and by exploring additional
processing steps such as post-annealing of the nanocomposite film. With these
improvements, the concept of integrating solar energy conversion and storage into a single
dual-functional electrode offers a potentially invaluable route towards enhancing the
performance and versatility of photo-supercapacitor devices.
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