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ABSTRACT

This work describes the potential of thin, spray-deposited, large-area poly(3,4-
ethylenedioxythiophene)/poly(styrene-4-sulfonate) (PEDOT:PSS) conducting polymer films

for use as transparent supercapacitor electrodes. These films have a very low optical
conductivity of o,,=24 S/cm (at 550 nm), crucial for this application, and a reasonable
volumetric capacitance of C, =41 F/cm?®. Secondary doping with formic acid gives these films

a DC conductivity of o,.=936 S/cm, allowing them to perform both as a transparent

conductor/current collector and transparent supercapacitor electrode. Small area films (A~1
cm?) display measured areal capacitance as high as 1 mF/cm? even for reasonably transparent
electrodes (T~80%). However, in real devices the absolute capacitance will be maximised by
increasing the device area. As such, here we measure the electrode performance as a function
of its length and width. We find that the measured areal capacitance falls dramatically with
scan rate and sample length but is independent of width. We show that this is because the
measured areal capacitance is limited by the electrical resistance of the electrode. We have
derived an equation for the measured areal capacitance as a function of scan rate and electrode
lateral dimensions which fits the data extremely well up to scan rates of ~1000 mV/s
(corresponding to charge/discharge times >0.6 sec). These results are self-consistent with
independent analysis of the electrical and impedance properties of the electrodes. These results
can be used to find limiting combinations of electrode length and scan rate, beyond which
electrode performance falls dramatically. We use these insights to build large area (~100 cm?)
supercapacitors using electrodes which are 95% transparent, providing a capacitances of ~12

mF (at 50 mV/s), significantly higher than any previously reported transparent supercapacitor.



INTRODUCTION

Recently, exciting progress has being made towards the creation of electronic devices
on everyday plastic substrates by liquid phase processing techniques such as ink-jet and
aerosol-jet printing.>® This approach is exciting as it will enable devices with unusual
characteristics such as mechanically flexibility, stretchability and even transparency.®® It is
likely that these possibilities will lead to numerous applications that are impossible using

traditional manufacturing techniques.

In moving towards this goal, a wide range transparent electrical device components
have already been demonstrated. Examples include conducting elements and circuitry,®”
capacitors,® diodes,® transistors,'® audio speakers'! and sensors for both chemical'®> and
mechanical® stimuli. In addition to these energy consuming components, transparent energy
harvesting systems are also under investigation to impart power generation capabilities, for

example, using photovoltaic* and piezoelectric®® technologies.

To mediate between these energy harvesting and consuming components, transparent
energy storage systems must also be developed. As for traditional electronics, this role will
most likely be played by batteries and supercapacitors (SCs). Whilst examples of the former
are presently scarce,® significant efforts are underway to develop transparent/flexible SCs.*”
% The electrode materials under investigation for this purpose are numerous, including carbon
nanotubes,?” 3233 graphene,? 2% 34 transition metal oxides'” %20 23 25 and conducting

polymers.17- 22,30

In some transparent SC reports, the capacitive charge storage materials have been
supported by an underlying transparent indium-tin oxide (ITO) layer to provide efficient
current collection.'®2 However, due to its brittle nature, the growing cost of indium and need

for both high-vacuum and high-temperature processing,®® it is unlikely this material will be



compatible with future printed electronics. Rather, we believe it is more likely that future
transparent/flexible SCs will contain ITO-free electrodes deposited directly on plastic
substrates. Thus, developing an electrode material that can simultaneously provide excellent
capacitive charge storage, efficient current collection and high optical transparency is in

important problem in this field.

This being the case, here we briefly outline some key physical relations and figures of
merit relevant for characterising the performance of transparent SC electrodes. As for any SC

electrode, the primary measures of performance are the stored energy (E) and power output

(P), given by:
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While the electrode interfacial potential difference, AV, is clearly important, it is strongly
influenced by the properties of the electrolyte (~1.2 V for devices that employ aqueous
electrolytes). Most important from a materials standpoint are the electrode capacitance, C,
and associated equivalent series resistance, R, which must be maximised and minimised,
respectively. For this specific application it is crucial to understand how both of these properties

are related to the electrode transparency, T.

The capacitance a given electrode is able to supply depends its volumetric capacitance,
C,, and its dimensions. In practical terms, the areal capacitance, C,, is the most relevant

measure of capacitance in transparent/flexible devices considering that multiple device
components must be assembled onto a given area of substrate (e.g. handheld devices, functional
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packaging or e-labels). The areal and volumetric capacitance are related viaC, =C,t, where t
is the film thickness. As defined here, C,and C, are both rate-independent quantities and

hence indicate the capacitance realised in the absence of charge transport limitations (these

limitations will be discussed later). The C, of a transparent electrode is related to its optical

transmittance, T, via the expression:?’
Zoaop ?
T=|1+ %2 ¢, 3)

where Zo is a constant (377 Ohm) and O, is the optical conductivity. This property is a

measure of how much light the electrode material absorbs and it is directly proportional to the

Beer-Lambert absorption coefficient. Clearly the ratio C, / o, must be maximised to optimise

the areal capacitance available for a given electrode transparency, and thus it can be considered
a figure of merit for transparent capacitive films (FoMc). We emphasise that unlike traditional
SC electrodes, the gravimetric capacitance, Cwm, is of little relevance when characterising
transparent SCs electrodes. This is because the mass of the electrode materials are insignificant
compared with the plastic substrates supporting them. In addition, it is difficult to measure the
mass of ultra-thin films and therefore use of this metric inhibits the accurate comparison of

different transparent supercapacitor materials.

Regarding the electrode equivalent series resistance, it is known that the Ry, of

transparent charge storage devices depends strongly on the electrical properties of the charge
storage films, which in this situation must also act as current collectors.?” To characterise this
behaviour the electrode sheet resistance, Rs, can be related to T via a similar expression as for

the areal capacitance:?’
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Here Opc is the electrical conductivity of the thin film material. Thus, here the ratio o, / o,

provides an electrical figure of merit (FOMe) that must be maximised when optimising the

power output capabilities of transparent charge storage films.

In summary, although a thin film can have any desired transparency by making it
sufficiently thin, doing so entails a corresponding increase in Rs, with implications for current
collection and hence power. Moreover, high T simultaneously results in reduced Ca, hence a
reduction in the energy which can be stored by a device with a given footprint.2” 32 Quantifying
these trade-offs using the described figures of merit will greatly assist with the development of

high performance transparent SCs.

In addition to these considerations, in this work we identify a further property trade-off

that is important for the design of transparent SCs: For a given electrode material (with some
Opc. 04 andC, ), if the film thickness is constrained to maintain some desired transparency,

the only remaining option to attain larger absolute capacitance is by increasing the lateral

dimensions of the electrodes. In doing so, C should scale linearly with film area (i.e. C=C,A

), especially for smaller electrodes that are charged/discharged slowly. However, for larger
films, eventually charge storage sites more distant from the external electrical contact will
become inaccessible, particularly when the film is charged and discharged quickly.
Understanding such lateral dimension effects will be necessary for scaling-up device area for

application in transparent electronics.



Here we address this need by exploring the transparent SC properties of a sprayed
conducting polymer, PEDOT:PSS, as a function of both film thickness and lateral dimensions.
This commercially available conducting polymer has shown much potential to replace ITO
within low-cost printed electronics applications such as organic solar cells 340 and organic
light emitting diodes.*° In addition, it is also being explored for use within both SC and battery
electrodes.** As such, a detailed exploration of the potential of sprayed PEDOT:PSS for use

within transparent/flexible energy storage applications is required.



RESULTS & DISCUSSION

Optoelectronic Properties of Sprayed PEDOT:PSS Films

Agqueous solutions of PEDOT:PSS were deposited onto flexible plastic substrates (PET) to
form thin films using a robot-controlled airbrush spray system. Figure 1A presents a
photograph of a characteristically blue aqueous PEDOT:PSS solution and a typical film
produced (T=70%). Although relatively small area films were prepared for initial
characterisation (5 cmx5 cm), this spraying system allows the production of films up to 18
cmx18 cm (SI Figure S1). In principle, the stage area could be extended to produce arbitrarily

large films. Details of the spray parameters employed in this work are given in the SI.

The film transmittance, T, was varied by altering the volume of PEDOT:PSS solution
deposited onto the substrate. This was quantified by measuring UV-visible transmittance

spectra, presented in Figure 1B. For conducting thin films, the transmittance for a given

thickness, t, is controlled by the optical conductivity of the material, &, , via the Equation:*?

T =[1+Z,0,,t/2]” (5)

Although use of this expression isn’t common within the transparent SC field, it is frequently

employed by transparent conductor researchers.>” We note that by expansion to first order,

Equation 5 is identical to the Lambert-Beer law (T =e ) with Z,0,, #a, the optical

absorption coefficient. The optical conductivity of PEDOT:PSS was determined by measuring
the thickness of a number of sprayed films using profilometry, which found values between
470 nm and 1600 nm. (N.B. these measurements were obtained after the formic acid secondary

doping treatment described below for films that were sprayed onto glass substrates). Plotting



this data as T™? -1 vs. t (550 nm, Figure 1C) and fitting Equation 5, we obtained a value of
O, =24 Slcm (at 550 nm) for these PEDOT:PSS films. For comparison, data for spin-coated
PEDOT:PSS films described by Martin et al.*® is included (unfilled points), falling close to our
fitted curve. This value for o, is extremely low compared to other conducting materials:

silver nanowires display values in the range 38-65 S/cm,**> SWNTSs have 150-200 S/cm,*¢-47

graphene has 100-2000 S/cm.*® We believe this low optical conductivity of PEDOT:PSS will
be critical to its success within transparent SCs (or conductors). Using 0, =24 S/cm with

Equation 5, the thickness of any PEDOT:PSS film can be determined from its transmittance
spectrum. This is useful as it avoids difficulties associated with obtaining accurate thickness
measurements of ultra-thin films by physical methods such as atomic force microscopy. For

the spectra shown in Figure 1B, t varied between 17 and 432 nm.

As for traditional SC electrodes, electronic transport to and from the electrochemical
interface must occur efficiently to enable high power device operation.?” 4% Accordingly, next
we characterised the electrical properties of these PEDOT:PSS films to evaluate their
suitability to act as transparent electrodes without additional current collectors. Although the
electrical conductivity of as-prepared PEDOT:PSS films are relatively poor, dramatic
improvements are easily obtained by exposing the films to a variety of ‘secondary-dopants’
such as sorbitol,*° ethylene glycol,*® dimethyl sulfoxide3, methanol®® and H2S04°2. Here we
have used the simple treatment reported by McCarthy et al.,>®* which involves dipping the

PEDOT:PSS films in formic acid (FA) at room temperature for ~5 seconds.

The effect of this treatment was evaluated using the four point probe method. We calculated

the R, of these films before and after exposure to FA, which is plotted as a function of film

transmittance in Figure 1D. Clearly, the treatment dramatically improved the electrical



properties of these transparent films, consistent with previous reports.>® At high transmittance
(e.g. T=90%), the sheet resistance is reduced by 3 orders of magnitude, falling from an

untreated value of R = 1.5x10°> Ohm/sq to 102 Ohm/sq after treatment. We note that the film

with T=90% and Rs=102 Ohm/sq represents exceptional performance for a transparent
electrode of any sort.3” Only silver nanowire networks routinely display better performance.®”
44 We can determine the ratio of DC to optical conductivities as a figure of merit (FoMe) for
transparent conductors by fitting Equation 4 to the data in Figure 1D. For these PEDOT:PSS

films, we find a value of o, /o, =39. For comparison, data for transparent current collectors

formed by disordered networks of two different types of SWNTs are also shown; those
characterised as transparent supercapacitors by King et al.,?” and Iljin SWNTSs characterised in
this work (see SI for SWNT network preparation). Fitting Equation 4 to these data sets yields

Opc /aop = 2 and 5, respectively, highlighting the excellent performance of these FA-treated

PEDOT:PSS films. We note that the transmittance spectra were largely unchanged by the FA

post-treatment (SI Figure S2A), indicating that increased o is responsible for the improved

FoMe rather than due to substantial changes ino,,, .

As the optical conductivity is known, we can calculate the DC conductivity of the

treated PEDOT:PSS films using the FoM. as o,. =936 S/cm. This value is quite high for

polymeric conductors, albeit not as high as some other recent reports; PEDOT:PSS films have
been demonstrated with a DC conductivity of 1418 S/cm when treated with ethylene glycol3®
and 3000 S/cm when treated with 1.5 M H2SO4 at 160°C.>? This value is competitive with the
best data for carbon nanotube films®” and significantly better than most solution-processed
graphene electrodes.>* Although, a metal grid or mesh could be deposited on the film to further
improve current collection this would impair the electrode transmittance and complicate

electrode processing. Rather, it would be preferrable that an single electrode material could be
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used to provide sufficient electrical conductivity and high capacitive charge storage

simultaneously.

Considering Figure 1D, for both the SWNT and untreated PEDOT:PSS data, there is

marked deviation from the fits described by Equation 4 at higher transmittance values. These
deviations are more apparent by replotting the dataas T "> -1 vs. R_, shown in SI Figure S2B.

Here the linearized fits correspond to bulk-like behaviour. Deviations from Equation 4 have
been explained as a manifestation of percolation-type phenomena.®® While this is probably the
case for the nanotube films, for the untreated PEDOT:PSS deviation from bulk-like behaviour
is probably due to the presence of islands of PEDOT rich grains interspersed within a network
insulating PSS barriers.>® Importantly, no such deviations in optoelectronic properties are
observed for the FA-treated PEDOT:PSS films, indicating exceptional uniformity even for
films with T=99%. This is significant as such deviations always diminish the performance of
transparent SCs at high T.2” Networks formed from typical-sized discrete nano-objects such as
carbon nanotubes, graphene or metallic wires almost always show percolation effects as film

thickness is reduced.®’

The superlative optical and electrical properties of secondary-doped PEDOT:PSS films
make this material ideal for the production of transparent SC electrodes. The low optical
conductivity means that for a given transmittance (e.g. T=95%) the electrode can be relatively
thick. For a given intrinsic volumetric capacitance this will result in a larger areal capacitance

(C, =C,t). Additionally, high DC conductivity will facilitate transport of stored charge to the

external circuit even for electrodes with high T.
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Electrochemical Properties of Small Area Electrodes

The capacitive charge storage properties of small area PEDOT:PSS films were
characterised in a three electrode cell by cyclic voltammetry (CV). This allows characterisation
of the properties of the electrode material itself rather than a complete SC device. We first
carried out CV measurements for a T=95% film over a wide potential window (-0.8 to 1.0 V
vs Ag/AgCl), shown in SI Figure S3. Based on this we chose a narrower potential window for
all subsequent electrochemical measurements in a region where the electrode behaviour was
ideally capacitive (-0.1 to 0.7 V vs. Ag/AgCl). Although future studies aimed at maximising
energy storage could focus on maximising the potential window (Equation 1), here we do not

focus on this aspect of SC electrode performance.

Shown in Figure 2A are CV scans for a PEDOT:PSS film (T=95%, Y, =100 mV/s)
before and after exposure to formic acid. A series resistor and capacitor circuit provides a
simple model for the electrode current response to a linear potential sweep, expressed as a

function of time, t:%’

j=C,v(-e") (6)

Here j is the current density, V =dV /dt is the scan rate, C,is the rate-independent electrode
areal capacitance already introduced and 7 =R.,C is the time constant. Here Resr is the

equivalent series resistance of the electrochemical circuit (here in a three-electrode

configuration) and C =C,A is the capacitance of the electrode. The rapid current response of

the FA-treated film compared with the as-prepared film indicates a dramatic reduction inz .

We believe this improved electrode response is overwhelmingly due to improved current
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collection through the plane of the film, as the treatment caused the R of this film to decrease

by over two orders of magnitude, giving 205 Ohm/sq compared with 100 kOhm/sq prior to the

treatment. This view is also supported by the previous observation that the R., of transparent
SC electrodes scales linearly with the R..2” In addition, alternative explanations for the large

reduction in z are unlikely, such as due to reduced electrode capacitance or other contributions

to the R.s; such as the electrolyte or electrode contact resistance.

To assess the electrochemical stability of the FA-treated films, 3500 repeated CV cycles
were performed for both thin and thick samples (T=67% and T=95%) at a scan rate of 100
mV/s. By integrating the current passed per cycle, a capacitance retention ratio was calculated
and plotted as a function of the number of CV cycles in Figure 2B. We observed a slight
increase in capacitance within the first 1000 cycles (<3% for the thicker film and <1% for the
thin film) probably due to minor rearrangement of the polymer film. With >99% retention for
both films, the charge/discharge process is stable over this duration of cycling. The Figure 2B
inset compares CV trace of the 1st and 3500th cycle for the T=95% film, indicating some minor
changes in features of the CV. Alongside the well-known stability of PEDOT,*! °8 these results

suggest excellent cyclability of this material, a prerequisite of any promising SC electrode.

We then examined the charge storage properties of the small area (1 cmx1 cm) FA-

treated PEDOT:PSS films in more detail. Here CV measurements were obtained at a range of
scan rates (\} =100-5000 mV/s) and the current density at mid-voltage (0.4 V vs. Ag/AgCl)

was evaluated. In the ideal case, capacitive behaviour is indicated by j = CA\} 59 We note that

Equation 6 reduces to this form when the electrode time constant is small relative to the

discharge or recharging time (i.e. 7 <<AV IV ). Figure 2C shows such data obtained from CV
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measurements of films with different transmittance (T=80% to 99%, t=10-260 nm). The inset
shows example CV traces for these films at 100 mV/s. Clearly, near ideal capacitive behaviour
predominates over a wide range of scan rates for all of these small area films, even those at
very high T. Similar behaviour was observed for PEDOT:PSS based SCs without an underlying
current collector by Carlberg et al. which remain ideally capacitive at 200 mV/s.** For our
films, only above ~1000 mV/s do deviations become noticeable, corresponding to charge and
discharge times less than ~0.6 seconds. Closer inspection reveals that for thicker films (with

lowerR,), the onset of this deviation shifts to greater scan rates. This provides a subtle
indication that the transport limitations which determine R_ are likely due to the R,

contributions as opposed to ionic diffusion, for which we would expect the deviation onset to

be independent of film transmittance.

Considering the data in Figure 2C, using the low scan rate range over which the

electrode behaviour is near ideally capacitive (\} <1000 mV/s), we extracted the rate-
independent quantity, C,, for each film from the intercept with the ordinate. This data has been
plotted a function of film transmittance in Figure 2D. As expected, more transparent films store
less charge for a given geometric area, simply because thinner films provide less capacitive
material on the substrate surface. We measured C,=1.9 mF/cm? for a low transmittance film

(T=70%), decreasing to C,=0.18 mF/cm? for the most transparent film (T=99%). To the best

of our knowledge the areal capacitance values of these FA treated PEDOT:PSS films sets the

state of the art for high SC electrodes with high transmittance (T>90%).

Provided C, is indeed constant for all film thicknesses, these data should be described

by Equation 3.2” This equation describes the data well for all transmittances. Because this is

equivalent to showing C, oc t for all thicknesses,?’ this indicates that the electrolyte penetrates
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throughout the PEDOT:PSS films. Fitting gives C, /o, =1.7 F/S.cm?, which can be

considered a figure of merit for transparent capacitive electrodes (FoMc). Alongside these
PEDOT:PSS data we have also included results from the transparent capacitor literature.® 1722
26, 28-32, 34 Note that this excludes reports where underlying ITO current collectors have been
used.'®2% We highlight that other than this work and that of King et al.,?’ to our knowledge no
other data has been presented for electrodes with T> 90%, the region of interest for transparent
devices. S| Figure S4 contains a reproduction of Figure 2D indicating the authors of the
literature data, which weren’t included for clarity. Our PEDOT:PSS films have a much higher

FoM. than the disordered SWNT films reported by King et al., which provide C, /o, =0.3

F/S.cm?. In addition, while the capacitance of the SWNT network films deviate markedly from
bulk-like behaviour at T>90% due to percolation effects,?’ the capacitance of these
PEDOT:PSS films remain bulk-like even at very high transmittance (T=99%). As discussed
above, this is a key advantage of these sprayed PEDOT:PSS films compared alternative

transparent SC electrodes based on disordered nanomaterial network electrodes.

Equation 3 indicates that the capacitive performance of transparent SC electrodes

depends strongly onC, . However, this quantity is rarely calculated explicitly for transparent
SC electrodes. We can determine the volumetric capacitance of this material using the fitted
FoM. and the known &, of this material, yielding C, =41 F/cm?®. Despite the disparity
between the FoMc of these PEDOT:PSS films (C, / 5,,=1.7 F/S.cm?) and the SWNT films
reported by King etal. (C, /,,=0.3 F/S.cm?), it’s interesting to note that these two materials
have similar volumetric capacitances (C, =55 F/cm?for the SWNTSs). Therefore, again we can
attribute the superior performance of PEDOT:PSS as a transparent SC charge storage film to

its very low optical conductivity (0, =24 S/cm compared with 0, =167 S/cm for the
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SWNTSs). Using this value for the volumetric capacitance we can calculate an approximate

gravimetric capacitance of this materials usingC,, =C, / p. Here we have measured density
of a free-standing PEODT:PSS filmas p =1.2 g/cm?, giving C,, =34 F/g, a fairly typical value

for an electrochemical double layer capacitance. Although PEDOT is capable of
pseudocapacitive charge storage through reduction at potenials ~0.2 V vs. Ag/AgCl and
subsequent reoxidisation at ~0.0V (see Sl Figure 3) the use of such processes may not be

suitable for transparent SC applications due to the associated electrochromism.*

Many electrode materials have been reported with substantially higher volumetric
capacitance, particularly those making use of pseudocapacitive charge transfer reactions;
Carlberg et al. reported 100 F/cm? for PEDOT:PSS films,*! Ghaffari et al. measured 84 F/cm?
for PEDOT:PSS coated nanotubes, Largeot et al.®° reported values ~100 F/cm? for nanotubes,
and values as high as 1160 F/cm?® have been achieved using MnO2 composites.®* The literature
data in Figure 2D which sits ahead of our PEDOT:PSS data in the low transmittance regime
(Gao et al.?® and Nam et al.3}) suggests that higher FOMc than that of these PEDOT:PSS films

are possible (i.e. C, /o, as high as 5 F/S.cm?). These electrode materials could yield better

capacitance at high transmittance values (T>90%) if they could be produced thin enough while
also avoiding percolation effects.?” We suggest this may be achieved by composite formation

of secondary-doped PEDOT:PSS with another highly pseudocapacitive material such as

manganese dioxide® to boost C, without substantially increasing Gy

Considering Figure 2C, when the scan rate is large enough, the measured areal
capacitance (which we will refer to as C/A and represents the accessible area capacitance)
becomes less than the areal capacitance expected in the absence of electronic or ionic transport

limitations (i.e. C/A<C,). We can examine this scan rate dependence of the CV behaviour
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more effectively by normalising the measured current density to the scan rate, yielding a
differential capacitance (i.e. j/V =(dq/dV)/ A).% Figure 2E shows CV data expressed in this
manner for a film with T=99% at a variety of scan rates (V =100 to 5000 mV/s). These
demonstrate a reduction in accessible charge storage with scan rate due to the electrode time
constant becoming comparable to the time available to accumulate or dispense charge.
Although Figure 2C allowed extraction of this rate-independent areal capacitance, the
measured areal capacitance, C/ A, at a given scan rate is given by the total charge (q) passed

divided by the voltage window (i.e. C/A=(Aq/AV)/A). This value can be found at each

scan rate by integrating CV data using:

%: [ jav (7)

Here V is the starting voltage (0.1 V vs. Ag/AgCl) and AV is the potential window (here 0.6
V). The C/A is shown in Figure 2F for a number of films with different transmittance (T=80%

to 99%). The included dashed lines are the rate-independent C, values obtained in Figure 2C.
As expected, the C/ A values approach C, at low scan rates. The ratio of these quantities (
(C/A)/C,) provides a measure of the capacitance that is accessible at a given scan rate. For
example, for the T=99% film, 92% of C, is accessible at 300 mV/s while this decreases to

75% at 1000 mV/s. Although these deviations aren’t dramatic, it’s important to note that these
films are relatively small (1 cm by 1 cm). Given that real transparent SC devices are likely to
use electrodes with larger dimensions than this, it is necessary to also characterise the charge

storage behaviour transparent films as a function of film size.
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The Effect of Film Lateral Dimensions on CV Behaviour

For a charge storage material with some value of C, , when film thickness is constrained

to provide some required transmittance (say T=90%), the only way to store more charge is by
increasing the film volume via the lateral dimensions of the film. However, in the literature the
vast majority of transparent SC electrodes are tested with small active areas and obtained
capacitance data presented on either a per mass or per area basis. In general, no attempt is made
to explore the scaling of absolute capacitance with electrode dimensions for larger area

electrodes.

Here we perform such a study, exploring the effect of both electrode length and width
on the absolute capacitance. We define the electrode width, W, as the dimension parallel to the
current collecting electrical contact at the upper film edge, and electrode length, L, as the
perpendicular dimension (see Figure 3A. N.B we do not use a current collector between the
PEDOT:PSS film and the PET support). Initially, we measured CVs for electrodes as a function
of film L (and so area) while keeping the width constant (W=0.5 cm). This was achieved by
first characterising the largest area film, then cutting off a small bottom section from the film
to reduce L. For example, Figures 3B and C show the area dependence of the CV response of
these films at 100 mV/s and 1000 mV/s, respectively. Here L was varied from 3.6 cm to 1.2
cm, resulting in a variation in film area from A=1.8 cm? to 0.6 cm?. Again, the current density
has been normalised to scan rate to enable its expression as a differential areal capacitance (

(dg/dVv)/ A).

These results are interesting as they highlight the effect of both L and V on the
measured areal capacitance. At the relatively slow scan rate of 100 mV/s, there is a small but

noticeable increase in time constant as the sample length is increased, consistent with an
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increasing in-plane electrode resistance contributing to the Resr and a larger available
capacitance, which together determine the electrode time constant. This will manifest itself as
a slight reduction in C/ A at a givenV . However, at the higher scan rate of 1000 mV/s this
effect is much more pronounced. As L is increased, significant increases in the time constant
can be seen. These results imply that long electrodes will sustain reduced C/ A compared to
that expected for short ones, especially at high scan rates. This illustrates that the absolute
capacitance of a potential device cannot simply be projected from the areal capacitance values

measured for small area samples.

We can quantify this behaviour by calculating C/ A from the CV scans by integration

(Equation 7). This has been performed for samples with a range of L (with W=1.0 cm) with
each one analysed over a range ofV , shown in Figure 4A. It is clear from this data that the
capacitance falls dramatically as both L and V are increased, as suggested above. These effects

can be significant; at V =1000 mV/s, and when L=3.6 cm, C/ A is a factor of three less than
expected from the L=1.2 cm sample, leading to no increase in absolute capacitance as the

electrode area is increased.

The decrease in C/ A with increasing L can be understood as follows. As the electrode
gets longer, the average resistance felt by electrons moving from the electrode contact through
the film increases. This in turn increases the time constant (7 = R.;C), causing a slower
current rise on voltage reversal. Because the capacitance is calculated by integration of the CV
curve, this results in lower measured areal capacitances that expected in the absence of charge

transport limitations (equivalenttoC / A< C, ). We can model this quantitatively by combining

Equations 6 and 7 to give:
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1 V+AV

%:Av [ Ic.a-evyav (8)

\

All the terms appearing have been described earlier. Changing variable from V to t (dV =Vdt

) and integrating gives:
C_ Ca {1— V—T(l— e VIV )} 9)

This describes the dependence of the measured areal capacitance, C/ A, on the rate-

independent areal capacitance, C,, the scan rate, V and the time constant, .

We can use Equation 9 to fit the C/ A vs. V data shown in Figure 4A, finding very
good agreement for all samples lengths. From the fits we find that for this particular thickness
of PEDOT:PSS (T=70%, t=432 nm) the rate-independent areal capacitance is Ca=1.9 mF/cm?.
Note, we expect a value of 1.8 mF/cm? for a film with this transmittance based on the FoMc
(Figure 2D). It is worth noting that by expanding the exponential in Equation 9, it can be shown
that at high scan rates, C/ AoV in the situation where the capacitance is limited by the
electrical properties of the electrode. This is in comparison to the more well-known scenario
where the measured area capacitance at high rates is limited by ionic diffusion andC / AccV 2

2" This allows the potential for rapid assessment of the limiting factor from the capacitance

Versus scan rate data.

In addition, we find that the time constant (from the fit) varies considerably with sample
length, as shown in the Figure 4B. We can understand this by noting that the time constant is

given byz =R.;C, where C reflects the available capacitance of the electrode and R,
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reflects the series combination of electrode and electrolyte resistances associated with this
electrode (Resz = Reeotrose T Retectroiye ). Here we assume that all the resistance associated with

electrical contacts and the external leads are small enough to be ignored. We can express these

three parameters in terms of the electrode geometry; the capacitance as (C=C,LW ), the
electrolyte resistance as the inverse of the electrolyte conductance per unit area, G, , multiplied
by area, 1/G,LW and the electrode resistance as the sheet resistance multiplied by electrode
aspect ratio, R,L/W . When combined, these given an expression for the time constant which

is a function of electrode length, L, as shown in Equation 10.

1
G, LW

J=CARSL2+&
G

7 =C(R,yop + R

L
=C,LW| R —+ 10
electrode eIectronte) A [ S W ( )

A

As shown in Figure 4B, Equation 10 fits the experimental data extremely well allowing

extraction values of R.=24 Ohm/sq and G, = 18 mS/cm? for this sample. This film had a sheet

resistance of 25 Ohm/sqg. when measured by current-voltage curves. This length dependence
analysis has been repeated for a number of films with differing transmittance values (T=70 to
90%, shown in Sl Figure S5). The extracted Rs values have been plotted alongside the Rs data
obtained by current-voltage measurements in Figure 4D, showing excellent agreement. Shown

in the inset of this figure are the G, values that were obtained. Although the true electrolyte

conductance should be invariant of film thickness, the values obtained here differ slightly due
to the fact that this parameter includes other resistance terms ignored for this analysis, in
particular, the through film resistance between the electrode and electrical contact (shown in

where o

electrolyte

orange in Figure 3A). Given thatG, =lo

electrolyte !

is the electrolyte conductivity

and | is the electrode separation (here ~1 cm), this suggests that Ogjecroe ~15 mS/cm, which
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is within a factor of five of the expected value for a 0.5 M K2SO4 solution (75 mS/cm at 20
OC).64
As the areal capacitance and sheet resistance are related to the film thickness via C, =C,t and

R, = (ouct) ™, itis possible to write Equation 10 in an alternative form:

r=&L2+&t

Opc G,

(11)

This form is of interest as it depends on intrinsic and dimensional parameters only and includes

the dependence on electrode thickness.

We can also apply this model to the data for C/ A as a function of L. To do this we

combine Equations 9 and 10 to give:

E=cA 1—i CARSL2+& 1—exp —AVIV (12)
A AV G, (CRL+C,/G,)

As all parameters in this expression are known (C,, R,, G,, AV ) we can plot Equation

12 as a function of L for different VV and compare with the experimental data presented in
Figure 3C. Although we find good agreement at low rates, the fit is noticeably poorer for Vv
>1000 mV/s. This isn’t unexpected; at such high charge/discharge rates a series resistor-
capacitor combination is no longer an appropriate representation of this electrode system. To
provide evidence for this, we have performed a separate electrochemical impedance
spectroscopy analysis of the behaviour of these electrode as a function of sample L, which has
been included in the SI. This analysis demonstrates that under rapid charge discharge
conditions (in this case, a high frequency voltage perturbation) a Warburg-like electrode

response is observed indicating that the electrode behaviour becomes limited by electrical
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transport to the back of the film (SI Figure S6). As such, a more sophisticated model for this
electrode system consists of a single-arm transmission line with a distributed capacitance that
may be accessed via an incremental resistance through the plane of the film (SI Figure S7).
However, we feel that the series resistor-capacitor circuit model that has been applied to CV
electrode behaviour provides a simple and insightful treatment of lateral dimension effects that

is applicable over a wide range of charge discharge rates relevant for SC operation.

In addition to the sample length dependence of capacitive charge storage, for
completeness we have also performed the same CV analysis for the converse situation; with
the sample length kept constant (L=0.5 cm), while varying the width (W=0.8 cm to 4.5 cm). As
shown in Figure 4E and F, the W dependence is straightforward. Although C/ A falls with
scan rate in line with Equation 9, it is invariant with sample width, W, at all rates. This is as

expected because the sample width does not appear in Equation 12.

This simple CV analysis demonstrates the influence of film lateral dimensions on the
charging and discharging time constant, which in turn causes C/ A to be diminished for longer
films. Although fairly intuitive, this behaviour has not been identified or studied in detail

previously and we feel these insights will be very important for future transparent SC design.
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Limitations of Sample Length and Scan Rate

As indicated by Figure 4A and C, C/ A begins to fall once either the scan rate or sample
length are increase above a certain value. The design of real large-area supercapacitor
electrodes would be facilitated by an understanding of the relationship between sample length
and scan rate when the effective capacitance begins to deviate from the rate-independent value.

The model above can be used to provide this relationship.

The C/A as obtained from Equation 9 is essentially constant for a low values of V7 / AV
. By analysis of Equation 9 (i.e. by expanding the exponential and equating the zeroth order,
low rate approximation with the second order high rate approximation), it can be shown that
the C/A begins to fall off approximately when Vz/AV =0.5. Using Equation 11 this means

that for a given sample length the maximum scan rate before the C/A begins to fall off is given

by:

AV /2
- 13
(C /o0 +C it/ G,) (13)

VMax

Or alternatively the maximum sample length for effective performance at a given scan rate:

L JGDC [Av_/z_cvtj ”
GV G

We note that these expressions can be expressed alternatively as a function of transmittance
rather than thickness using Equation 5. However, for the sake of simplicity we leave them in
the current form.

These expressions show that as the electrode length is increased, the maximum rate at
which energy can be extracted, as expressed byV,,. , falls rapidly. Attempts to extract charge

at a higher rate will result in a fall-off in effective capacitance (and so accessible energy). To
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demonstrate, in Figure 5 we use Equation 13 to plot the maximum achievable scan rate as a
function of L using the parameters established above for PEDOT:PSS, and the electrolyte used

here: o, =936 S/cm, Cv=41 Flcm3, AV=0.6 VV, Ga=18 S/m?. These graphs clearly demonstrate

the limitations on the performance transparent SC electrodes in terms of size or charge and
discharge rate. For example, if the electrode transparency is set at 90% (effectively setting the
thickness) and a maximum scan rate of 1 V/s is required, the sample length can be no more

than 1 cm before the C/A start falling off from its rate-independent value.

Large area device measurements

Presently, the largest transparent SC device described in the literature? is only 4.5 cm?.
Given that applications will no doubt require larger area devices, capable of greater absolute
charge storage, it is necessary to demonstrate what kind of performance is possible. The spray
system used in this work is capable of producing films with dimensions of 18 cm by 18 cm,
potentially giving a device area of 324 cm?. However, was shown in the previous section, the
absolute capacitance of devices with an L dimension greater than ~5 cm aren’t able to store
significantly more charge at the charge/discharge rates of interest for SC applications (~100s
of mV/s). Accordingly, here we present measurements for devices with dimensions of W=18
cm and L<6 cm), giving a maximum electrode footprint of 108 cm?. A pair of films produced
from a single 18 cm square piece is shown in Figure 6A with film transmittance of 95%. These
electrodes are substantially larger than those used in any transparent SC device published

previously.

Using a two electrode configuration, these electrodes were tested in a large beaker by
cyclic voltammetry at a variety of scan rates (50 to 1500 mV/s). Shown in Figure 6B are CVs
expressed as differential capacitance ((dq/dV)/ A) for four device footprints (A=18 cm? to

108 cm?) at 50 mV/s. Measured areal capacitances were found by integrating over the potential
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window and are plotted vs. device length for a range of scan rates in Figure 6C. In all cases,
C / A falls with sample length, although this phenomenon is less severe for a low scan rates as
was observed from single electrode measurements. Shown in Figure 6D is the absolute

capacitance (i.e. C =LW x(C/ A)) plotted vs. electrode length. For the largest area device, we

measured 12.5 mF at 50 mV/s. It is clear from this data that the absolute capacitance increases
at best sublinearly with length over the size range. This is entirely consistent with the results
of Figure 5 and show that for combinations of long lengths and high rates increasing the
electrode length gives fast diminishing returns. We show this more clearly in Figure 6E by
plotting the absolute capacitance as a function of rate for two electrode lengths, L=1 and 6 cm.
It is clear from this graph that while at low rates, a six-fold increase in electrode length results

in a doubling of capacitance, at high rates, no benefit is seen from the electrode length increase.

As shown above, our largest area device gave C=12.5 mF at 50 mV/s for a total
transmittance of 90%. In comparison, Jung et al. reported a transparent SC device with A=4.5
cm? composed of electrodes with T=71% at 500 nm, which gave a capacitance of 2.1 mF by
constant current charge discharge measurements (j=5 pA/cm?). Although this value is 5 times
less than reported here, care must be taken when making comparison. This is because the two
devices possess different aspect ratio, different transmittance and were characterised by

different electrochemical techniques.
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CONCLUSIONS

This work furthers our understanding of the properties of transparent SC electrodes by
characterising PEDOT:PSS ultra-thin electrodes in terms of three key materials properties; the

optical conductivity, o, , the DC electrical conductivity, o, and the volumetric capacitance,

p k)
C, . Together, these determine the performance of a given transparent supercapacitor material,
which may be summarised as an electrical and capacitive figure of merit for transparent

supercapacitors; FoM, = oy /o, , andFoM, =C, /o, . Use of these metrics will facilitate

5 s
rigorous comparison of candidate material systems for application as transparent SC electrodes,
necessary for continued development of this field. The use of a spray coating deposition system
combined with a secondary doping treatment using formic acid enabled the production high

quality PEDOT:PSS films without percolation effects even for very high transmittance

(T=99%).

This work also identifies lateral dimension effects which cause the measured areal
capacitance to be lower than expected when scaling up the electrode area (i.e. A > 1 cm?).
These effects occur due to the need for current collection through the plane of the film and have
implications for the capacitance that is available when using electrodes with a given lateral size
when charged/discharged at a given rate. Accordingly, to assist with transparent supercapacitor
design, we have developed simple equations that take these effects into account, enabling the
analysis of data for capacitance versus rate or electrode dimensions. This behaviour will
predominate situations where the thin film material acts as the charge storage material and
current collector simultaneously, and as such highly relevant for printed electronics

applications.
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METHODS

Film Preparation

An aqueous dispersion of PEDOT:PSS was obtained from Heraeus (Clevios PH 1000)
and diluted with water to a concentration of 0.75 mg/mL. This was then used to produce
PEDOT:PSS films on polyethlyene terephthalate (PET) substrates using the method described
in McCarthy et al.> In brief, the diluted polymer solution was loaded into a graduated reservoir
and attached to a Harddner and Steenbeck Infinity airbrush spray system. Control over the
airbrush was provided by a Janome JR2300N robot. The PET substrates were cleaned with
surfactant solution and isopropanol prior to use and placed on the robot substrate stage, heated

to 110°C. Further details regarding the spraying parameters employed can be found in the SI.

The film lateral dimensions were controlled by the spraying program, limited by the
dimensions of the substrate state (here 18 cm by 18 cm). The thickness of the films was
controlled by the number of repeated passes made by the spray, which delivers a greater total
volume of polymer solution onto a given area of the substrate. Films were subsequently
characterised as-prepared or subject to a formic acid (FA) post treatment. This involved
submerging the PEDOT:PSS films into the FA for 5 seconds then allowing the films to dry in
air.

Optoelectrical Characterisation of Films

Optical transmittance spectra of the PEDOT:PSS films were obtained in the visible
range (400-800 nm) using a Cary 600i spectrophotometer. In all cases the PET background
absorbance was subtracted. Film thickness was determined by contact profilometry (Dektak

6M, Veeco Instruments) for PEDOT:PSS films sprayed separately onto glass substrates. Here

film thickness values were taken as the mean thickness obtained by four height profiles

28



obtained for different regions of the film. These measurements were performed after exposure
to FA as such secondary doping treatments are known to alter the film density.>® The four-point
probe technique was used to characterise the DC electrical properties of the films. To do so,
electrodes contacts were created on the film surface using an alcohol based conductive silver
paint (Agar Scientific). The electrode separation and width were ~1 c¢cm and ~0.5 cm,

respectively. Current-voltage curves were obtained using a Keithley 2400 source meter.
Electrochemical Characterisation of Films

Electrochemical testing was carried out in a three electrode cell consisting of a carbon
counter electrode and Ag/AgCI reference. The electrolyte used was 0.5 M K2SOs(aq).
PEDOT:PSS working electrodes were formed by cutting strips from the main film and
confining the electrolyte exposed area using adhesive tape. Silver paint was again used to form
contacts to the external circuit. The electrolyte exposed area was varied during different
experiments. Here we have define the electrode width (W) to be the dimension parallel to the
electrolyte solution and the length (L) the perpendicular dimension (i.e. greater L are more
distant from the contact). The specific dimensions used for various measurements are indicated
in the results section. For the L and W dependence measurements a large electrode was
prepared, which was sequentially cut to the required smaller dimensions after the necessary

measurements for a given size were completed.

Electrochemical testing using the three electrode cell consisted of cyclic voltammetry,
and electrochemical impedance spectroscopy. CVs were obtained between the potential limits
of 0.1 to 0.7 V vs. the Ag/AgCI reference couple. Scan rates were varied from 100 to 5000
mV/s. Potentiostatic EIS was carried out at a DC bias of 0.4 V vs. Ag/AgCl using a 10 mV AC
perturbation varying between 0.1 Hz and 100 kHz. Immediately prior to acquiring the EIS

spectra working electrodes were conditioned at the as-mentioned DC bias for 3 minutes. This
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DC bias was chosen as the mid-potential used for the CV measurements. To determine a value
for the density of FA-treated PEDOT:PSS a free-standing film was prepared by evaporative

casting into a teflon mould and measuring both its mass and dimensions.

Symmetric two electrode measurements were performed in a large beaker containing
0.5 M K2S0s(aq) electrolyte. For these measurements two films of equal dimensions and
transmittance were positioned 1 mm apart. Here, CVs were performed using films with
different areas. This was achieved by varying the film length (L <6 cm) while holding the

width constant (W=18 cm), giving a maximum film area of 108 cm?.

SUPPORTING INFORMATION

This includes (1) details of the airbrush system parameters, (2) supporting figures regarding
the effect of FA treatment on the PEDOT:PSS transmittance spectra and absence of percolation
effects for ultra thin films, (3) method preparation of Iljin SWNT dispersions, (4) a
reproduction of Figure 2D to indicate the authors of the included literature data, (5) an
electrochemical impedance spectroscopy analysis of the L dependence of electrode AC

behaviour. This material is available free of charge via the Internet at http://pubs.acs.org.
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Figure 1: Characterisation of the optoelectronic properties of sprayed PEDOT:PSS films. (A)

Photograph of an aqueous PEDOT:PSS dispersion and a film (5 cm by 5 cm, T=70%) on a PET

plastic substrate. (B) UV-visible transmittance spectra of various sprayed PEDOT:PSS films.

(C) Plot of TY2-1 (at 500 nm) vs. film thickness, t, to determine the optical conductivity of

PEDOT:PSS using Equation 5. Unfilled points are spin-coated PEDOT:PSS films described

by Martin et al.** (D) Film transmittance at 550 nm as a function of sheet resistance for the as-

prepared PEDOT:PSS films (unfilled black circles), after treatment with FA (filled black

circles) and data for disordered SWNT networks (P3 SWNTs and Iljin SWNTS). Fits to these

data use Equation 4.
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Figure 2: Characterisation of the charge storage properties of small area PEDOT:PSS films
(L=1 cm and W=1 cm) by cyclic voltammetry. (A) CV response before (red) and after (black)
FA treatment. B) Capacitance retention of FA-treated films upon repeated cycling. Inset
compares the CV response at cycle 1 and 3500 for a film with T=95%. (C) Current density

evaluated from CVs at 0.4 V vs. Ag/AgCI for FA-treated samples at various scan rates. Ordinate
intercepts enable extraction of the rate-independent areal capacitance, C 5 . The (C) inset gives

example CVs for four samples (dV/dt=100 mV/s). (D) C, plotted as a function of T, which

includes a range of data are taken from the literature (SI Figure S4 contains a reproduction of
this figure indicating sources of the literature data, not shown here for clarity). Dashed lines

are fits to Equation 3 with ¢, /o, =1.7 F/S.cm?. (E) CVs for a single film (T=99%) at various
scan rates. Current density is reexpressed as a differential capacitance. (F) C/A found by
integrating CV current over the potential window. Dashed lines indicate the C, values

obtained in (C).
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Figure 3: Effect of film lateral dimensions on CV behaviour of FA-treated PEDOT:PSS films.

(A) Diagram of electrode indicating length (L) and width (W) dimensions with relation to the

electrical contact (top edge). (B) CVs at V =100 mV/s and ©) V =1000 mV/s for a T=70%
film. Film area is varied from A=0.6 cm? to 1.8 cm?, by altering the length from L=1.2 cm and

3.6 cm. (width constant, W=0.5 cm). Current density is expressed as a differential capacitance.
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Figure 4: Size dependence of the charge storage properties of PEDOT:PSS films. (A) C/ A

data obtained by integrating the current passed for CVs at various V' for a film with different
sample lengths (L=1.1 to 4.2 cm), keeping the width constant. Solid lines are fits of Equation

9, providing the time constant, t, as a function of sample length, plotted in (B). Here the dashed

line is a fit of Equation 10, with C,=1.8 mF/cm? and R,=24 ohm/sq and G, =18 mS/cm?

for this film. (C) C/ A data plotted as a function of sample length for various V. Using the
parameters found in Figure 4B, Equation 12 has been plotted with this data. (D) Rs values
extracted from the L dependence analysis for various films, compared with those obtained by
IV measurements. Inset shows electrolyte conductance values obtained for these films. (E)

C/ A obtained similarly as for (A), although here the film width is varied (W=1.1 to 3.9 cm),

keeping the length constant. (F) C/A plotted as a function of sample width at various V.
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Figure 5: Scan rate above which the CV response deviates from the Ca as a function of sample
length, L. The three traces show the dependence on film transmittance (and thickness) for three

different films.
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Figure 6: Two electrode charge storage measurements for various transparent SCs
(Tsingle=95%). Electrode width was kept constant (W=18 cm) and length varied (L=1 cm to 6
cm) to produce device areas from A=18 cm? to 108 cm?. (A) Photo of two large-area sprayed
PEDOT:PSS films (18 cm by 9 cm). (B) CVs obtained at 50 mV/s for the different device
areas, expressed as a differential capacitance. (C) C/A as a function of device length, found by
integration of CVs at various scan rates (dV/dt=50 to 1500 mV/s). (D) Absolute capacitance as
a function of device length at various scan rates. Max. capacitance for largest device was 12.5
mF (dV/dt=50 mV/s). (E) Absolute capacitance as a function of scan rate for L=1 and 6 cm

(corresponding to A=18 and 108 cm?).
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