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Abstract:

The mechanism of species fluxes during charge-discharge process in nanostructured ZnO
electrode was studied by a combined methodology of electrochemical quartz-crystal
microbalance (EQCM) and ac-electrogravimetry. Under the conditions of this study, anions
(S04%) possess the highest kinetics to be transferred at the electrode/electrolyte interface in
charge balance while cations (identified as Na*.5H,0 and Na*) play the major part as charge
carriers. Free H,0 molecules present a sluggish behavior and their interfacial transfer occurs
at low scan rate or low frequencies. These findings shed light on the nature of ions and solvent
participation in charge balance of hydrothermally synthesized ZnO nanostructures directly
grown on the QCM device. The combined methodology proposed herein provides dynamic
and gravimetric analysis of interfacial charge transfer and can be extended to investigate other

nanostructured metal oxide-based electrodes for energy storage.
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Introduction

Supercapacitors (SCs) are a class of electrochemical energy storage devices well suited
to the rapid storage and release of energy.! The last four decades have seen a
tremendous burgeoning of scientific and industrial interest into the potential
applications of SCs, mainly due to their high power density and long cycle life.? 3
Numerous research efforts have been dedicated to investigating the electrode
materials, which play an essential role in optimizing the electrochemical performance
of SCs.

Transition metal oxides have been intensively studied as electrode materials due to
their fast and reversible redox reactions occurring at or near the electrode surface,
which can provide significantly higher capacitances.*’” Generally, metal oxides can offer
higher energy density than conventional carbon materials and better electrochemical
stability than conducting polymers.? To date, transitional metal oxides, such as
ruthenium oxide (Ru03),® manganese dioxide (Mn0O3),? zinc oxide (ZnO)!° and nickel
oxide (NiO)'! have been intensively studied as electrode materials, which can offer

additional pseudocapacitances during electrochemical performance.

Among these candidates, ZnO nanomaterials have been widely used due to its low cost,
easy fabrication, morphological diversity and electrochemical activities.?>?> zZnO
nanomaterials can be solely deposited on the substrate!® or composited with other
metal oxides,* conducting polymers!® and carbon-based materials!’ to serve as energy
storage electrodes. However, of great fundamental importance but almost barely

touched is the mechanism of ionic/non-ionic fluxes during charge-discharge process in



Zn0O-based electrodes, which plays an essential role in the design of supercapacitor

electrodes with high efficiency.

Electrochemical quartz-crystal microbalance (EQCM) has gained wide applicability to
evaluate the electrochemical behaviour of electrodes,®22 particularly in situ capturing
of the global transfer of the species at the electrode/electrolyte interface. Mass and
charge variations measured simultaneously during the electrode cycling allow the
derivation of the global mass per mole of electrons (MPE) that is exchanged between

the electrode and the electrolyte according to the equation:

MPE = FA_m= FAm/At — FAm/At
Aq Aq/At I

with F is the Faraday number, Am and Aq are the mass and charge variations,
respectively. If only one species is exchanged, then the MPE corresponds to its molar
mass. In the cases where multiple ion transfer occurs, using Faraday’s law to interpret
classical EQCM data reaches its limitations. To discriminate between the involved
species, Donnan-type electrical double layer models were incorporated into the
gravimetric EQCM equations.?? Besides, the complex character of the electrode mass
changes as well as the quantification of viscoelastic properties of the electrodes (and
also possibly formed solid electrolyte interface (SEl) layer) can be investigated using

multiharmonic EQCM with dissipation monitoring (EQCM-D).2*

Additionally, it has been demonstrated that coupling the QCM with electrochemical
impedance spectroscopy (the so-called ac-electrogravimetry) contributes to

disentangle the subtleties of global charge compensation process involving multiple



species, offering a quantitative picture of each participant with their transfer kinetics

and identifying them by their molar masses.

The ac-electrogravimetric measurements can detect interfacial processes occurring in
the frequency range from ~ 100 Hz to as low as ~ 1 mHz, and separates multi-species
contribution with different kinetics, reaching a higher selectivity than slow scan-rate

cyclic voltammetry.2®

In ac-electrogravimetry, under a fixed potential with a small sinusoidal perturbation,
frequency dependant mass and charge variations are obtained and used to generate
both the classical EIS transfer function (TF), AE/Al(w) and the mass/potential TF,
Am/AE(w). These TFs are then fitted with an appropriate model to obtain detailed
identification of the species involved in the charge transfer mechanism, along with the

kinetics and the relative concentrations associated with each species.?®

In the present work, this non-classical but emerging methodology in the energy storage
domain?’-?°is adopted to characterize the electrochemical energy storage behaviour of
Zn0O-based electrodes and elucidate the subtleties in transfer of species during charge
balance. To the best of our knowledge, this is the first time that ZnO is grown on QCM
devices for energy storage purposes and investigated by the classical EQCM and its
complementary counterpart ac-electrogravimetry for understanding its charge storage

mechanism.



Experimental

A precursor solution was prepared with 0.02 M zinc nitrate hexahydrate and 0.02 M
hexamethylenetetramine (HMTA). A quartz resonator (9 MHz-AWS, Valencia, Spain)
was immersed in the solution, which was transferred to a Teflon-lined stainless steel
autoclave and maintained at 120 °C for 12 h. The resonator is placed at the bottom of the
autoclave. By this way, the back side is protected and only the upper side of the crystal was
found to be deposited with ZnO nanostructures. After the hydrothermal process, ZnO
nanostructures generated on the resonators were rinsed several times with deionized
water.

EQCM and ac-electrogravimetry measurements were performed in 0.25 M Na;SO4
under nitrogen atmosphere. ZnO nanostructures grown on the quartz resonator were
used as the working electrode, with Ag/AgCl (3 M KCl saturated with AgCl) and platinum
gauze as the reference and counter electrode, respectively. The potential window for
EQCM was confined between 0V and 0.6 V vs. Ag/AgCl in cyclic voltammetry (CV) (the
OCV was at 0.15 V vs. Ag/AgCl) and 0 V and 0.8 V vs. Ag/AgCl in galvanostatic
charge/discharge (GCD). A lab-made QCM device (Miller oscillator) was used to
measure frequency shift (Af) of the quartz crystals. The mass change (Am) of ZnO
electrode on the quartz crystals during electrochemical process can be estimated by
the microbalance frequency shift (Af) through Sauerbrey equation,®®i.e., Af = -CsxAm,
where Cr is the experimental sensitivity factor of the quartz crystal resonator (Cr
=16.3x107 Hz.gl.cm?). The details of the estimation of the experimental sensitivity

factor are previously given.3?



For ac-electrogravimetry measurements, a four-channel frequency response analyzer
(FRA, Solartron 1254) and a lab- made potentiostat (SOTELEM-PGSTAT) were used. The
QCM was performed under dynamic regime, and the modified working electrode was
polarized at selected potentials to which a sinusoidal small amplitude potential
perturbation was superimposed. The frequency range was between 63 KHz and 10
mHz. The mass change, Am, of the working electrode was measured simultaneously
with the ac response, Al, of the electrochemical system. Frequency/voltage converter
is the key component of the ac-electrogravimetry set-up which translates the QCM
frequency response (Af) to a continuous voltage change (AVf) with the aim of obtaining
a transfer function (TF) via a frequency response analyzer (FRA) (which cannot directly
analyze the frequency response). Finally, the resulting signals AVy/AV(w) and AV/Al(w)
were sent to a four-channel FRA, which led to the electrogravimetric TF (Am/AE(®))
and the electrical TF (AE/Al(®)) to be obtained simultaneously at a given potential and

frequency modulation, f (pulsation, w=27f).

Theoretical Part

Under the effect of a sinusoidal potential perturbation with low amplitude, AE, imposed to

the electrode/film/electrolyte system, sinusoidal fluctuations of concentration, AC; are

observed. The theoretical TFs are calculated through the following equations:28 32

AC —-Gj

E((D) o (jwdf+Ki) (eq' 1)
AE 1

—(w)=|———F— (eq. 2)
AI jwFds ijdilmi

Aq _ . Gi

@) =F (S ) (eq. 3)



2 (@) = —dy (E M) (eq. 4)

L jwdf+K;

where AC; presents concentration variation for each species, w is the pulsation, df is
the film thickness, M; depicts the molar mass of involved species, Ki and G; are the
partial derivatives of the flux (/i) with respect to the concentration and the potential,
respectively. Kirepresents the transfer kinetics of each species while G;is the reciprocal
of the transfer resistance (Rti=1/FG;), exhibiting the ease or difficulty in the species
transfer at the film/electrolyte interface (i: ions for eq. 1-3, and i: ions and non-charged
species for eq. 4).

The theoretical expressions (eq. 2-4) were used to fit the experimental responses of
the electrochemical impedance, AE/Al(®), the charge/potential TF, Aq/AE(®) and the
electrogravimetric TF, Am/AE(®), which provided the key parameters (M, Ki and Gj)
related to each species (where i can be a cation, an anion or solvent) to be extracted.
With the same set of parameters, all the TFs including cross and partial TFs (detailed in
Ref.26-29) were fitted where a good agreement between the experimental and the
theoretical functions in terms of both the shape and the frequencies should be

achieved, to consider that these parameters (M, Ki and G;) are unique.



Results and Discussion

The synthesis of the nanostructures were performed directly on the quartz resonators by
hydrothermal method. As shown in Fig. 1a, ZnO nanostructures are densely grown on the
guartz resonator, formed by flower-like bundles of individual nanorods with a diameter of
~300-800 nm and length of ~2-7 um. The discrete ZnO nanorods may facilitate the exposure
to the electrolyte and thus offer a large surface area for the electrochemical processes. XRD
patterns are recorded (Fig. 1b) and the peaks present between 32° and 69° demonstrate that
the synthesized ZnO nanorods exhibit the crystalline nature of wurtzite hexagonal structure,

which is in good agreement with standard ZnO peaks (JCPDS 36-1451).3% 34

Cyclic Electrogravimetry (EQCM) and QCM-coupled GCD: The electrochemical performance
of ZnO nanorods was characterized by cyclic voltammetry (CV) and galvonastatic charge-
discharge (GCD) techniques. The QCM was coupled with both measurements to track the
simultaneous frequency shifts of the ZnO-based electrode during cycling, which can be
converted into mass responses through Sauerbrey equation.3 Fig. 2a exhibits approximately
rectangular CV curves, with a slight contribution of a cathodic peak around 0.1 V and an anodic

peak around 0.2 V.

This electrochemical behaviour due to the dominant capacitive response in the CV curve can
be attributed to an electroadsorption process of Na* ions occurring at different electroactive

sites of the ZnO electrode:

/n0O+ Na*+e-& (ZnO)-surface Na*

However, this simplified scheme does not take into account of (i) the ion solvation effect, (ii)

the possible presence of more than one ionic species which may participate in the charge



compensation process and affect the charge/discharge rates, and (iii) the influence of free
electrolyte molecules that can interact, indirectly, with the electrodes.

Utilizing the simultaneous QCM measurements permits the corresponding mass responses
(Am-E) to be obtained during CV scans (Fig. 2b). Mass response mainly presents ingress/egress
during cathodic/anodic sweep, which is indicative of cation participation in charge
compensation process.32 GCD curves were measured to further evaluate the electrochemical
performance of ZnO-based electrode.

The corresponding mass-time response proceeds in an inverse pace with potential-time
response, i.e., mass decrease during charging and mass increase during discharging, which

indicates that the cation plays a major role in charge balance.

To obtain indications on the nature of the transferred species, the = MPE=FAm/Ag was
calculated from the EQCM data (Fig. S1, Supporting information). If only one species is
exchanged, then the MPE corresponds to its molar mass. Positive and negative values of the
MPE correspond to a major contribution to the energy storage mechanism by anions and
cations, respectively. Here, we obtain a MPE of ~-100 g.mol* below 0.3 V and ~-50 g.mol*
above 0.4 V for the cathodic sweep and anodic sweep, respectively. The higher values for the
cathodic sweep suggest that the cations are hydrated and/or accompanied by free solvent
molecules. This value lowers during the anodic sweep (~-50 g.mol?), indicating that multiple

species are exchanged and interfacial behaviour is complex.

QCM-coupled CV and GCD measurements are performed at a certain scan rate or current
density, therefore they require either the incorporation of Donnan-type models into the
gravimetric EQCM equations?® or complementary methods to elucidate if there is a multiple

species contribution to the charge compensation process.?> To get a deeper insight into the



charge compensation behaviour occurring in the ZnO-based electrode, from both
gravimetrical and kinetic point of view, the ac-electrogravimetry was suggested. The different
scenarios of the charge compensation process for ZnO-based electrodes are scrutinized by this

coupled method emerging in the field of energy storage.?”- 2°

QCM-coupled to Electrochemical Impedance (Ac-electrogravimetry): Ac-electrogravimetry
measurements were performed in the same potential range used for CV measurements, at
various states-of-polarization from 0 V to 0.6V vs. Ag/AgCl with an interval of 100 mV. Fig. 3a
and b present Ag/AE(®) (calculated from the electrochemical impedance, theoretical part in
eq. 2 and 3) and Am/AE(w) TFs at 0.3V, where the experimental data were fitted using
theoretical functions in eq. 3 and 4. It is important to note that for the Am/AE(®) TF, the
experimental data were not visualized at high frequency region in Fig. 3b beyond ~ 100 Hz due
to the instrumental limitations, i.e., the validity region of the frequency-voltage convertor is
~100 Hz to ~ 1 mHz. This may indicate that there is a fast species contributing to the charge
storage but cannot be detected by ac-electrogravimetry with the current frequency-voltage
convertor. Theoretically, anions and cations share the same response behaviour in
Ag/DE(w) TF, but anions characteristically appear in the quadrant | (Cartesian system) in
Am/AE(®) while cations locate in the quadrant Ill, as shown in Fig. 3c and d. Therefore, in the
present work, the mass response at high frequency emerging in the quadrant | can originate
from either anions or free H,0 molecules with the same transfer direction as anions. 2° Herein,
four species based on different kinetics, i.e., anions (5S04%), hydrated cations (Na*.5H,0),
cations (Na*) and H,0 molecules were proposed which led to a good agreement between the
experimental and the theoretical functions in terms of both the shape and the frequencies

(Fig. 3). It is highlighted that the identification of the species can be achieved thanks to the

10



electrogravimetric TF (Am/AE(®)) which involves the molar mass (M;) of the species
involved in the charge compensations (eq. 4). This configuration was also verified by the
so-called partial TFs (obtained by removing the contribution of one of the species

contribution, and analysing the residual response) (not shown).

Then, the ac-electrogravimetry data obtained at various states-of-polarization from 0 V to
0.6V vs. Ag/AgCl were analysed and it was observed that the presence of several species
persists. This finding is further supported by comparing the ac-electrogravimetry data with
that of EQCM (see the section: Comparison of the EQCM and Ac-electrogravimerty mass
responses).

The transfer kinetics of each species, K, are summarized in Fig. 4a. SO42" anions exhibit the
highest kinetics of transfer at the electrode/electrolyte interface in the charge compensation
process, followed by hydrated cations (Na*.5H,0) and dehydrated cations (Na*), and H,O
molecules present the lowest kinetics, i.e., K (S04%) > K (Na*.5H,0) > K (Na* )> K (H20). It is in
good agreement with the inverse order of their transfer resistances: R: (S04%’) < Rt (Na*.5H,0)
< R: (Na*) < R: (H;0), as depicted in Fig. 4b. The contribution of various species to
electrochemical reactions with different kinetics of transfer has already been observed in the
earlier work of Hillman et al. on nickel hydroxide thin films by combining probe beam
deflection (PBD) technique and EQCM,3¢3® and also in our recent work on SWCNT based
electrodes.?’

The charge storage mechanism of another transitional metal oxide, MnO,, has been widely
investigated, and it was proposed that the charge could be stored by either i) the surface
adsorption of alkali metal cations (C*)3° or ii) the intercalation of both protons (H*) and alkali

metal cations (C*)*> %! in the electrolyte. However, direct analogy of the charge storage
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mechanism proposed for the other metal oxides may not be applicable to ZnO. In the present
work, SO4% and Na*.5H,0 present a quick response upon potential perturbation, which is
presumably ascribed to their fast electroadsorption behaviour. Dehydrated Na* is also
considered to be electroadsorbed but in the ZnO bulk, on to the less accessible sites, due to a
relatively slow transfer kinetics (Fig. 5). Furthermore, free H,O molecule exhibits a sluggish
behaviour and participates in charge balance at lowest frequencies. It is supposed to be
electrodragged by Na*,?” as evidenced by the same flux direction of H,0 and Na*.

Actually, it is speculated that there exist at least two different electroactive sites for charge
storage in synthesized ZnO nanostructures. The first is on the surface of ZnO, where the charge
storage occurs (under the conditions of this study) either by the electroadsorption and
electrodesorption of SO4> and Na*.5H,0, respectively (Fig. 5). After the surficial electroactive
sites are saturated with SO4> and Na*.5H,O by a fast electroadsorption behaviour,
contributing to the responses at high frequency (HF) in ac-electrogravimetry (Fig. 3b), the
second electroactive sites in the bulk of ZnO may begin to come into use. Dehydrated
Na*.5H,0 (i.e., Na*) may electrodrag free H,O molecules into/out of ZnO bulk and,
consequently, bring about a response from free H,0 molecules at lowest frequency (LF) in ac-
electrogravimetry (Fig. 3b).

Comparison of the EQCM and Ac-electrogravimerty mass responses: In order to validate our
hypothesis involving multi-species contribution to the charge storage and also to confirm the
presence of the anionic species appearing at the HF region (see theoretical curve in Fig. 3b),
a methodology benefiting from the complementarity of the EQCM and ac-electrogravimetry

is developed as follows:?” From ac-electrogravimetry, the relative concentration changes of

each species (AC) with respect to the potential variation can be estimated by using eq. 5;

12



specifically, the estimation of the relative concentration change with respect to the individual

species ( C; — Cg) can be obtained after integration of eq. 5:
AC) (—Gi)
— = eq.5
2E) 40 K, (eq.5)

The concentration variation of individual species (C; — Co ) obtained from ac-

electrogravimetry is shown in Fig. 6a. These C; — Cqy values are transformed into
corresponding mass variations of each species (Fig. 6b). Subsequently, the total mass change
(total Am from ac-electrogravimetry in Fig. 6c) is reconstructed by the addition of individual
mass contribution from all species concerned in ac-electrogravimetry. A good agreement
between the total mass change from ac-electrogravimetry and the EQCM response obtained
at 10 mV/s emerges. It is further highlighted that ac-electrogravimetry results are obtained
from individual measurements at stationary potentials and the reconstructed mass response
is in good agreement with the EQCM data from cyclic voltammetry at the lowest scan rate
measured. This is highly significant since it evidences that the ac-electrogravimetry result in
Fig. 6b is indeed a deconvolution of the global EQCM mass response into distinct
contributions. Furthermore, since free H,O molecules display the lowest transfer kinetics in
charge balance (the slowest species), the partial mass change (partial Am in Fig. 6c) is obtained
with the removal of the mass contributions from free H,O molecules. It presents the mass
response at high, intermediate and intermediate-low frequencies. Then, a close agreement
between the partial Am from ac-electrogravimetry and EQCM response at a high scan rate
(100 mV/s) (Fig. 6d) is also achieved. This implies that all of these 4 species detected including
the free H,O molecules can be transferred at the electrode/electrolyte interface at low scan
rate (10 mV/s). However, it hardly occurs for H,O to be transferred at the

electrode/electrolyte interface at a higher scan rate (100 mV/s). These comparisons present
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further evidence for the fitting hypothesis of the ac-electrogravimetry data that the missing
responses at HF are from anion contributions. It is evident that if the contribution of the anions
is neglected, a good agreement between the EQCM and ac-electrogravimetry would not be
achieved (Fig. 6). These results highlight the complementarity of the EQCM and ac-
electrogravimetry, the limitations of either of which can be compensated by the other to

unveil the subtleties of the charge storage mechanisms.
Conclusions

The complementary combination of EQCM and ac-electrogravimetry was proposed herein to
study the charge storage mechanism of hydrothermally synthesized ZnO nanostructures.
EQCM provides a global mass response from cations in charge storage/delivery process, while
ac-electrogravimetry offers a gravimetric and dynamic picture on the subtleties during this
process: four different species (5042, Na*.5H,0, Na*, and H,0) were detected to participate in
charge balance with different kinetics to transfer the electrode/electrolyte interface. This
study further emphasizes the complementarity of the EQCM and ac-electrogravimetry where
certain instrumental limitations that challenge the detection of fast ion dynamics can be
overcome by exploiting the two methods. This combined methodology can be extended to
investigate the charge storage mechanism and species fluxes in other nanostructured

electrodes, facilitating the design of optimized SC electrodes.
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Fig. 1 (a) FEG-SEM image and (b) XRD spectra of ZnO nanostructures hydrothermally
synthesized on the gold electrode of the quartz resonator. The peaks centered at 26 = 32°,
34°, 36°, 47°, 56°, 63°, 66°, 68° and 69° correspond to the lattice planes (100), (002), (101),

(102), (110), (103), (200), (112) and (201), respectively. The inset in (b) is the magnification

between 20 = 42.5° and 80°.
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Fig. 2 Cyclic voltammetry (a) and galvanostatic charge/discharge (c) measurements of

ZnO electrode on the gold electrode of the quartz resonator with the corresponding

mass variations of the electrode (b and d) measured in 0.25 M Na»SO,.
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Fig. 3 Ag/AE(®w)(a) and Am/AE(w) (b) Transfer Functions (TFs) at 0.3V vs. Ag/AgCl. Schematic
representation of the TFs for Aq/AE(w) (c) and Am/AE(w) (d). The following parameters were used
in the fitting of the experimental data: K; (kinetics of transfer, in cm-s?), G; (the inverse of the
transfer resistance, in mol-s*cm=2.V1): Kc1: 0.0088, Gel: 2.375 x 10°7; Kc2: 2.199 x 104, Ge2: 9.456
x 109; Ks: 3.77 x 10, Gs: 4.524 x 10°%; Ka: 0.06, Ga: -2.149 x 10°®. C;: Na*.5H,0 (113 g.mol?), C;: Na*

(23 g.mol?), S: H,0 (18 g.mol!) and A: SO4* (96 g.mol?).
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Fig. 4 Transfer kinetics, Ki (cm's™) (a) and corresponding transfer resistances, Rt; (Q'cm?) (b)

for each species participating in charge balance.
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Fig.5 A schematic presentation of ions participating in the charge balance, where cations with

blue shell (1% step) represent the hydrated cation, i.e., Na*.nH,0 (n=5).
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Fig. S1 MPE calculated from CV curve at a scan rate of 50 mV/s.
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