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Abstract

This paper investigates the effect of adding a 450 nm layer based on porous TiO2 at the interface

between a 4.5 µm carbon/TiO2 nanoparticle-based electrode and a polymer electrolyte membrane as

a route to improve energy storage performance in solid-state supercapacitors. Electrochemical char-

acterisation showed that adding the interface layer reduced charge transfer resistance, promoted more

efficient ion transfer across the interface and significantly improved charge/discharge dynamics in a

solid-state supercapacitor, resulting in an increased areal capacitance from 45.3 to 111.1 mF cm−2 per

electrode at 0.4 mA cm−2.

Keywords: interface engineering; porous TiO2 particles; solid-state supercapacitor; spray processing;

wearable energy storage applications



1 Introduction

Supercapacitors have a quick response (<1 s) for storing and releasing electrical energy through

rapid absorption/desorption of electrolyte ions over a high surface area electrode.1–3 Most commer-

cial supercapacitors use carbon-based electrodes and liquid organic electrolytes such as tetraethy-

lammonium tetrafluoroborate (TEATFB) in propylene carbonate or acetonitrile.4,5 Solid-state

supercapacitors that replace the liquid electrolytes with an ion conducting polymer gel and the

separator with an ion-conducting polymer electrolyte membrane do not require rigid packaging to

contain the liquid electrolytes. Consequently, solid-state energy storage devices can be thinner,

lighter and provide greater design freedom.6–9 They are thus potentially attractive for applications

such as future wearable electronics and conformal energy storage systems.

The main weakness of solid-state supercapacitors is the reduced ion mobility within the electrodes,

within the polymer electrolyte membrane itself, and at the electrode/membrane interface,10 which

combine to undermine the key supercapacitor advantage of high power. Major advances have been

made in higher ion-conducting solid-state electrolytes such as an ionogel consisting of an ionic liq-

uid confined within a silica host network,11 an alginate-based gel electrolyte with ionic liquid,12 a

poly(ethylene oxide)(PEO)-1-ethyl-3-methylimidazolium hydrogensulfate (EMIHSO4) electrolyte

with SiO2 and TiO2 nanofillers,13 and Keggin structured heteropolyacids/polymer composite elec-

trolytes.14 Advances have also been made in processing techniques such as ink-jet printing of a

silica-based ionogel confined with ionic liquid to increase areal charge storage,8 in situ UV-initiated

polymerisation of an extended interface between highly porous electrodes and a polymer gel elec-

trolyte to increase power,10 and ion soft landing of redox-active molybdenum polyoxometalate

(POM) anions at the interface between electrode and ionic liquid electrolyte membrane to increase
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redox reactivity.15

In terms of the electrodes, composite electrodes containing multi-wall carbon nanotubes (MWNTs)

and TiO2 nanoparticles have shown promising performance in supercapacitors. For example, an

electrode containing conformal porous TiO2 coating on carbon nanotubes exhibited a capacitance

of 87.5 F g−1 at 0.5 A g−1 in a 0.5 M H2SO4 electrolyte,16 while a layer-by-layer (LbL) assembled

760 nm thick electrode of sub-8 nm TiO2 particles and MWNTs exhibited a high capacitance of

262 F g−1 at 5 mV s−1 in a 0.5 M H2SO4 electrolyte.17 We have previously demonstrated a ∼10

µm thick electrode in a solid-state supercapacitor, based on an interconnected MWNT scaffold

decorated with non-porous TiO2 nanoparticles (N-TiO2, 20 nm) in which both the MWNTs and

N-TiO2 were coated with a layer of ionomer (monomer of Nafion polymer). The MWNT scaffold

provided electrical conduction throughout the electrode, and inhibited excessive agglomeration of

the N-TiO2 nanoparticles, while the ionomer coating provided H+ ion conduction throughout the

electrode. The capacitance increased 2.5 times for the electrode containing both MWNTs and

N-TiO2 nanoparticles (weight ratio 2:1) compared with an electrode containing MWNTs only, be-

cause the N-TiO2 nanoparticles contributed toward a high electrode surface area for ion adsorption

(electric double layer capacitance, EDLC) and pseudo-capacitance between the -OH group on the

TiO2 nanoparticles and H+ ions in the ionomer coating.18 We have also previously demonstrated

the addition of a graphene interface layer between the electrode and current collector to improve

electrical conductivity in a solid-state supercapacitor.19.

Despite these improvements in electrolytes, energy storage materials and electrode fabrication,

solid-state supercapacitor performance lags significantly behind liquid electrolyte supercapacitors.

Modelling has suggested that it is the interface between the electrode and the polymer electrolyte
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membrane contributes significant ionic resistance that undermines solid-state supercapacitor per-

formance and the overall rate of charge/discharge.20–23 Therefore, it can be speculated that en-

gineering of this interface, for example by the addition of an interface layer that improves the

physical interaction and ion mobility between the polymer electrolyte membrane and the electrode

may help to recover acceptable device performance. In this paper, we investigate the performance

of a N-Ti2/MWNT solid-state supercapacitor, without and with a thin (∼450 nm), porous TiO2

(P-TiO2) based interface layer, sprayed directly onto a Nafion polymer electrolyte membrane as

shown in Figure 1(a). This interface layer exploits the additional ion pathways provided by the

P-TiO2 to improve ion mobility across the interface with the polymer electrolyte membrane, and

we demonstrate significant improvements in the overall charge storage behaviour.

2 Experimental

The detailed experimental methods for synthesising P-TiO2 single crystals, spray procedure and

characterisation methods are described in the Supporting Information (SI). We have reported

the atomisation spray processing in detail before.24 Briefly, two aqueous suspensions for A - the

interface layer, and B - the electrode were prepared: (A) P-TiO2, MWNTs, sodium dodecylben-

zenesulfonate (SDBS) and Nafion ionomer in 0.5 M H2SO4; and (B) N-TiO2, MWNTs, SDBS and

Nafion ionomer in 0.5 M H2SO4, where SDBS was used as a surfactant in both suspensions. Table

1 summarises the composition of the two aqueous suspensions.

During the electrode fabrication, multi-nozzles sprayed consecutively suspensions of the interface

materials (suspension A) and then the electrode materials (suspension B) in a continuous process
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Figure 1: Schematic diagrams of (a) one half of a solid-state supercapacitor with a high surface area
interface layer between the electrode and the polymer electrolyte membrane and (b) spray
deposition arrangement used to layer-by-layer fabricate the interface layer and the electrode;
(c) photo of an as-sprayed 16 cm x 9.5 cm solid-state supercapacitor to show scalability of the
spray processing technique; and (d) photo of the same size solid-state supercapacitor to show
flexibility.

with no breaks between layers (Figure 1(b)). The suspensions were atomised into fine droplets by

compressed air and deposited onto an acid-treated H+ ion-conducting Nafion membrane, main-

tained at 100 oC throughout fabrication on a heated vacuum stage. The nozzles moved in a

pre-programmed zig-zag pattern in the X and Y plane to fabricate an electrode up to 20 cm x 20

cm. The fugitive water from the sprayed suspension evaporated continuously on the heated vac-

uum stage as first the interface layer and then the electrode layer were deposited successively. The

membrane with one side covered with the interface layer and the electrode was then flipped and

the other side sprayed using the identical procedure, to directly form a solid-state supercapacitor
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Sprayed aqueous suspension wt%

P-TiO2 N-TiO2 MWNT Nafion ionomer SDBS

A 55 0 11 33 1

B 0 22 44 33 1

Table 1: The composition of the two types of sprayed aqueous suspension.

Electrode wt%

P-TiO2 N-TiO2 MWNT Nafion SDBS

[N-TiO2 + MWNT] electrode ([N]) 0 22 44 33 1

[N-TiO2 + MWNT] electrode with a
[P-TiO2 + MWNT] interface layer ([I])

5 20 41 33 1

Table 2: A summary of the composition of the two types of electrode.

with no need for any subsequent re-immersion in liquid electrolytes. The average mass loading

of the electrodes was 1.1 mg cm−2 ± 3.1%. In the interface layer, the weight ratio of P-TiO2 :

MWNT : Nafion ionomer was 5:1:3, while for the rest of the electrode, the weight ratio of N-TiO2

: MWNT : Nafion ionomer was 2:4:3. Figures 1(c) and (d) show a 16 cm x 9.5 cm solid-state

supercapacitor with full retention of electrodes on both sides, fabricated by the spray method,

indicating scalability of the processing technique and the robustness of the resulting solid-state

supercapacitor.

In order to investigate the effect of the interface layer, two types of electrode were sprayed: one

without the interface layer (termed [N] electrode), and the other with the interface layer (termed

[I] electrode), and their compositions are summarised in Table 2. For both types of electrode, the

total thickness was kept at ∼5 µm ±2.7%.
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The surface morphology of the electrodes was examined by scanning electron microscopy (SEM

JEOL 6500F at 10 kV). The electrode materials were examined by high resolution transmission

electron microscopy (TEM JEOL 2100F at 200 kV). The porosity of the sprayed layers was evalu-

ated through mercury porosimetry using a Micromeritics AutoPore IV operating at a pressure of

3.5 to 2 x 105 kPa. The conductivity of the electrodes without and with the interface layer was mea-

sured using a standard four-point probe configuration and a Keithley 220 programmable current

source meter. Sprayed electrodes on Si wafers were used to exclude any conductivity contributions

from metal current collectors. An indication of the wettability of the H2SO4 impregnated Nafion

membrane with the two types of TiO2 was investigated using an IT Concepts Tracker goniometer

by measuring the contact angle between the N-TiO2 and the P-TiO2 sprayed layers and a drop of

0.5 M H2SO4. Both conductivity and wettability measurements were repeated eight times on each

electrode to obtain an average.

Solid-state supercapacitors of area 1.13 cm2 and 1.2 cm diameter were punched from the two-side

sprayed polymer electrolyte membrane. Two pieces of stainless steel current collectors (25 µm)

were pressed onto the two sides of the solid-state supercapacitor and assembled into a swagelok cell

in air. A range of electrochemical testing (cyclic voltammetry (CV), galvanostatic charge/discharge

and electrochemical impedance spectroscopy (EIS)) was performed on the solid-state supercapac-

itor in the swagelok cell using a Reference 600/EIS300 Gamry potentiostat/galvanostat.
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3 Results and discussion

3.1 Microstructure and the electrode/membrane interface

Figure 2(a) is a scanning electron microscopy (SEM) image of the sprayed electrode comprising

non-porous TiO2 nanoparticles mixed with MWNTs [N-TiO2 + MWNT] showing an intercon-

nected MWNT network decorated with the N-TiO2 nanoparticles. Figure 2(b) is a transmission

electron microscopy (TEM) image showing more clearly the TiO2 decorated MWNTs and that, as

intended, both the MWNTs and the N-TiO2 were coated with the ion-conducting ionomer, essen-

tial to facilitate ion transport throughout the electrode.25 The crystal lattice planes of the N-TiO2

nanoparticles shown in the high resolution TEM image in Figure 2(c) had a (101) d -spacing of

0.313 nm, conforming to highly crystalline anatase TiO2.

Figure 2(d) is an SEM image of the laboratory synthesised pristine P-TiO2 particles of ∼180 nm

size, showing their porous structure with ∼20 nm diameter internal pores that penetrated through

the particles. Figure 2(e) is a cross-sectional SEM image of an electrode with the interface layer

based on this P-TiO2 between the Nafion membrane and the rest of the [N-TiO2 + MWNT] elec-

trode. The interface layer thickness was approximately 450 nm, while the rest of the electrode

had a thickness of ∼4.5 µm, extending beyond the field of view in Figure 2(e). Figure 2(f) is a

magnified cross-sectional SEM image of the interface layer showing P-TiO2 particles and MWNTs.

To investigate if there was any limited inter-mixing between the interface layer and the rest of the

electrode, the cross-section of an electrode in which the mass ratio of TiO2 : MWNT was 1:1 for

both the interface layer and electrode (so that any observed porosity or morphology change was

due to differences between the P-TiO2 and N-TiO2 only) was investigated in the SEM. Figure S1
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Figure 2: (a) SEM image of a sprayed electrode of MWNT scaffold decorated with non-porous TiO2

nanoparticles [N-TiO2 + MWNT]; (b) TEM image of MWNTs decorated with N-TiO2 nanopar-
ticles in the electrode; (c) high resolution TEM image of magnified N-TiO2 nanoparticles with
crystall lattice planes; (d) SEM image of laboratory synthesised pristine P-TiO2 particles; (e)
cross-sectional SEM image of the electrode with the interface layer between the Nafion mem-
brane and the rest of the electrode; and (f) magnified cross-sectional SEM image of the interface
layer.
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in the SI shows an SEM image of the region between the interface layer (brightest) and electrode

(darkest), confirming higher porosity in the interface layer and some fine-scale inter-mixing in a

250 - 370 nm thickness zone between the interface layer and the electrode.

3.2 Porosity of the electrode and the interface layer

We now study the effect of the two different TiO2 morphologies on the resulting porosity of each

of the sprayed layers, by depositing each separately onto a 10 µm thick Cu foil. Although most

mercury infiltration porosimetry measurements are performed on powders,26 here the porosity of

the sprayed layers on a Cu foil was measured by mercury porosimetry. The two layers studied

were: (i) a mixture of P-TiO2 and MWNTs (termed [P] layer), and (ii) a mixture of N-TiO2

and MWNTs (termed [N] layer). For mercury infiltration measurements, neither layer contained

any ionomer coating that might block pores and affect the measurements, which was considered

acceptable since the purpose of these experiments was to estimate the relative contributions of

the different types of TiO2 to the overall layer porosity, which - on the basis of the earlier SEM

images - can be expected to be substantially filled with ionomer in the working electrodes. The

sprayed layer thickness was approximately 5 µm and similar to the working electrodes. A 1:1 TiO2

: MWNT mass ratio was used for both layers, rather than 1:2 used in the working electrodes to

show more clearly the relative contribution of the TiO2 morphology to the layer porosity.

A control test was performed first to confirm that the Cu foil did not contribute to the measure-

ment of porosity. Then, during mercury infiltration of the sprayed layer, hydrostatic pressure was

increased progressively to infiltrate the mercury from the upper side of the layer “down” into the

layer itself, as a way of mimicking the way ions may infiltrate into the electrode once coated in
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ionomer, from the polymer electrolyte membrane. Figure 3 shows the mercury intrusion volume as

a function of pressure for both the [P] and [N] layers, showing a higher mercury intrusion volume

for the [P] layer than the [N] layer at all pressures, by a factor of up to ∼1.75, indicating that

the intrinsic higher porosity of the P-TiO2 particles was preserved into the sprayed layer. The

higher porosity of the [P] layer implied a larger fraction of the H+ ion-conducting ionomer can be

incorporated into the layer that in turns enables a greater EDLC.

The average contact angle of H2SO4 (present in the polymer electrolyte membrane and in the

sprayed suspensions) with the [P] and [N] layers was 48.7o and 66o respectively. The lower con-

tact angle for the [P] layer suggested a better wettability with the H+ containing membrane.27

Therefore, a P-TiO2 based layer was chosen to form the first deposited, interface layer between the

polymer electrolyte membrane and the N-TiO2 based layer that formed the bulk of the electrode.

The P-TiO2 based layer was intended to facilitate H+ ion mobility to and from the acid-treated

Nafion membrane (high H+ concentration) to the rest of the electrode (low H+ concentration).

Figure 3: Mercury intrusion volume curves as a function of pressure for the two types of layer: (i) a
mixture of P-TiO2 and MWNTs ([P]); and (ii) a mixture of N-TiO2 and MWNTs ([N]).
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3.3 Ion transport and the effect of the interface layer

We now study the rate of ion transport behaviour in the [N-TiO2 + MWNT] electrode without

the interface layer (electrode [N]) and with the interface layer (electrode [I]) in a solid-state su-

percapacitor configuration, as shown in the schematic diagram in Figure 1(a). Figure 4(a) shows

Nyquist plots without and with the interface layer at 0.01 - 105 Hz, where the electrochemical

impedance Z = Z’ + jZ”, and Z’ and Z” are the real and imaginary parts of the impedance.38

Figure 4(b) shows a zoomed-in region of the Nyquist plots to show more clearly the behaviour

at high frequency. There was an excellent fit between the experimental data and model-based

simulation data using the equivalent circuit in Figure 4(d).

In the equivalent circuit in Figure 4(d), ESR is the equivalent series resistance that includes elec-

trolyte resistance and contact resistance,28 RCT is the charge transfer resistance of the electrode

and the interfacial resistance between the electrode and polymer electrolyte membrane,29 CPE is

the constant phase element that describes the capacitance of a porous electrode,30 and W is the

Warburg element that describes ion diffusion within a porous electrode.1,31 The parallel combina-

tion of CPE2 and RCT in the equivalent circuit represents the semi-circle in the high frequency

domain in the Nyquist plot, followed by a linear part of the Nyquist plot in the low frequency

domain. The two regimes are often connected by a line of almost 45o slope which is referred to as

the Warburg impedance.32 There are two types of frequency dispersion that deviate a Nyquist plot

from an ideal shape of a semi-circle and a vertical line: one is in-pore dispersion that signifies the

diminishing penetration depth of an ac signal with frequency; and the other is multiple penetration

depths in multiple pore sizes of the electrode.33 Therefore, two CPE elements were used in the

equivalent circuit in Figure 4(d), where CPE1 is responsible for the change in the slope of the
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Figure 4: Experimental and simulated Nyquist plots of solid-state supercapacitors before and after adding
the interface layer (a) in the 0.01 - 105 frequency range; and (b) in the high frequency range
only; (c) a plot showing the correlation between real impedance (Z’ ) and frequency−1/2 (ω−1/2)
of solid-state supercapacitors in the low frequency region using the electrodes without and with
the interface layer; (d) the equivalent circuit used to generate the simulation data in the Nyquist
plots; and (e) a schematic showing the role of the interface layer in improving ion transport
from the polymer electrolyte Nafion membrane to the rest of the electrode (diagram not to
scale).
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Electrode ESR (Ωcm2) RCT (Ωcm2)

Experimental Simulation Experimental Simulation

[N-TiO2 + MWNT] electrode ([N]) 12.4 12.0 9.6 9.3

[N-TiO2 + MWNT] electrode with a
[P-TiO2 + MWNT] interface layer ([I])

5.7 5.5 4.1 4.0

Table 3: A summary of the experimental and simulated data for the resistances shown in the Nyquist
plots in Figures 4(a) and (b).

Warburg impedance in the mid-frequency domain and CPE2 is responsible for the change in the

slope of the vertical line in the low frequency region.32,33

The ESR was estimated from the intercept of the Nyquist plot with the Z’ axis at high frequency

at 12.4 and 5.7 Ωcm2, before and after adding the interface layer. The estimated ESR was higher

than the ESR of similar electrodes in a liquid electrolyte,34 but consistent with 8.4-13.6 Ωcm2

measured for other high-performing solid-state supercapacitors.35 The lower ESR after adding the

interface layer was due to the higher wettability of the P-TiO2 with the polymer electrolyte mem-

brane so that the ionomer filled internal pores of the P-TiO2 could act as efficient pathways for ion

movement to and from the electrode. RCT was estimated from a best-fit semi-circle to the data

at high frequency,36 and was related to the ease of charge transport, including the ion transport

at the interface between the electrode and polymer electrolyte membrane.36,37 RCT before and

after adding the interface layer was estimated at 9.6 and 4.1 Ωcm2 respectively. The reduced RCT

after adding the interface layer in Figure 4(b) suggested improved ion transport at the interface.32

Table 3 gives the experimental and simulation data for the electrodes before and after adding the

interface layer, showing excellent agreement.
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The gradient of the “tail” in the middle to low frequency in Figure 4(a) indicated the rate of

ion diffusion from the Nafion membrane into the electrode.37,38 The electrode with the interface

layer exhibited a steeper gradient than the electrode without, indicating faster ion diffusion.39 To

quantify the rate of ion diffusion, Figure 4(c) shows the real impedance Z
′

as a function of the re-

ciprocal square root of frequency ω−1/2 in the low frequency range of 0.01-0.126 Hz.40 The best-fit

gradients to the data indicate the diffusion rates, and the diffusion rate changed with frequency

as ions were redistributed.29 In this case, linear responses were observed in the lowest frequency

range of 0.01-0.04 Hz, as shown in Figure 4(c), where the gradient of the best-fit straight lines is

the Warburg ion diffusion resistance,41 that was estimated at 51.3 Ωs−1/2 and 29.4 Ωs−1/2 for the

electrodes before and after adding the interface layer.

The ESR, RCT and Warburg ion diffusion resistance data taken as a whole indicated consistently

that adding the interface layer improved the dynamics of ion transfer. This arose because (i) the

P-TiO2 in the interface layer had relatively good wetting with the polymer electrolyte membrane,

and (ii) the P-TiO2 provided higher interfacial porosity to promote ion movement, both from/to

the polymer electrolyte membrane into/out of the rest of the electrolyte during charge/discharge,

as shown schematically in Figure 4(e).

As described above, the thickness ratio between the interface layer and the electrode was approxi-

mately 1:10 in order to use the P-TiO2 conservatively. However, to understand what performance

might be achieved in an electrode comprising entirely [P-TiO2 + MWNT], a 5 µm thick electrode

(termed [P] electrode) was studied. Figure 5(a) shows the Nyquist plots from the [N], [I] and [P]

electrodes ([N-TiO2 + MWNT] only, [N-TiO2 + MWNT] electrode with a [P-TiO2 + MWNT]

interface layer, and [P-TiO2 + MWNT] only respectively). For the [P] electrode, the semi-circle at
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high frequency gave the lowest RCT ∼1.4 Ωcm2 due to its greater porosity, as shown in the earlier

infiltration experiments. Despite using only ∼10% of the [P-TiO2 + MWNTs] in thickness, the

gradient of the “tail” in the middle to low frequency for the [I] electrode was similar to that of the

[P] electrode, and much steeper than that of the [N] electrode. Thus, at a thickness ratio of only

1:10 for the interface layer, placing the P-TiO2 at the polymer electrolyte membrane/electrode

interface only, dramatically improved ion diffusion and ion transport, approaching that of the [P]

electrode.

Figure 5: (a) Nyquist plots of the solid-state supercapacitors using [N], [I] and [P] electrodes and oth-
erwise identical; and (b) Nyquist plots of the solid-state supercapacitor using [I] electrodes at
different bias voltages.

The Nyquist plots of a solid-state supercapacitor using the [I] electrodes at bias voltages of 0.8, 1.0

and 1.2 V are shown in Figure 5(b). The ESR was 5.8, 6.0 and 6.3 Ωcm2, and RCT was estimated

at 4.6, 5.7 and 7.2 Ωcm2 at bias voltages of 0.8, 1.0 and 1.2 V respectively. The dependence of

resistance on potential again suggested that the charge/discharge process mainly took place at the

electrode/electrolyte interface,42,43 supporting the premise that engineering the interface between

electrode and polymer electrolyte membrane could improve energy storage performance.
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Four-point probe measurements of the electrodes without and with the interface layer gave similar

electrical conductivities of 3.2 and 3.1 S cm−1 respectively, suggesting that adding the thin P-TiO2

interface layer (1:10 thickness ratio of the interface layer to the electrode) had no significant effect

on the overall in-plane electrical conductivity.

3.4 Capacitive performance and the effect of the interface layer

Figure 6(a) shows the cyclic voltammetry (CV) curves of the solid-state supercapacitors using

the [N-TiO2 + MWNT] electrodes without the interface layer (electrode [N]) and with the inter-

face layer (electrode [I]) at a fast scan rate of 350 mV s−1. The CV curve for the [I] electrodes

showed a larger parallelogram area than the CV curve for the [N] electrodes, indicating faster

charge/discharge kinetics after adding the interface layer.44,45 Detailed capacitance estimation

methods are shown in the SI. The specific capacitance per electrode estimated from the CV curves

was 33.2 and 70.6 mF cm−2 (30.4 and 64.2 F g−1) for the [N] and [I] electrodes respectively at

350 mV s−1, where for the specific gravimetric capacitance estimation, the total mass of MWNTs,

TiO2 and ionomer was used.

Figure S2 in the SI shows the CV curves of the solid-state supercapacitor using [I] electrodes in

different voltage windows at a faster scan rate of 400 mV s−1. The CV curves maintained the

parallelogram shape, indicative of facile ion transport.14 The capacitance was estimated at 64.3

and 61.8 mF cm−2 per electrode at 1.3 and 1.4 V voltage windows respectively. However, current

increased sharply at 1.3 V, which became more obvious at 1.4 V, indicative of possible irreversible

reactions in this configuration.38 Therefore, an operating voltage window of 1 V was used subse-
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Figure 6: (a) CV curves of solid-state supercapacitors using [N-TiO2 + MWNT] electrodes without
([N]) and with ([I]) an interface layer at a fast scan rate of 350 mV s−1; (b) galvanostatic
charge/discharge curves of the solid-state supercapacitor using [I] electrodes at 0.4 mA cm−2;
(c) current density of the corresponding supercapacitor at 1 V in relation to testing time; (d)
impedance phase angle in relation to frequency for supercapacitors using [N] and [I] electrodes;
(e) dynamic electrode capacitance per electrode from EIS in relation to frequency for the
corresponding supercapacitors; and (f) CV curves of the supercapacitor using [I] electrodes at
different hydration testing conditions at 350 mV s−1: after drying in a vacuum oven at 105 oC
for 3 hrs and then placing in air (normal humidity condition) for another 3 hrs.
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quently.

Figures 6(b) and S3 in the SI show the galvanostatic charge/discharge curves of the solid-state

supercapacitors using [N-TiO2 + MWNT] electrodes without ([N]) and with ([I]) the interface layer

at a slow charge and discharge rate of 0.4 mA cm−2 (0.36 A g−1). Both figures show “sawtooth”

shaped charge and discharge curves, which is characteristic of a supercapacitive behaviour (both

EDLC and pseudo-capacitance).44 The potential drop was reduced from 0.1 V for the [N] electrode

to 0.07 V for the [I] electrode, which was lower than 0.08-0.2 V commonly reported for solid-state

supercapacitors tested in similar conditions.46,47 The specific capacitance per electrode estimated

from the slope of the linear part of the discharge curve was 45.3 and 111.1 mF cm−2 (42.6 and

101.8 F g−1) per electrode for the [N] and [I] electrodes respectively at 0.4 mA cm−2 (0.36 A

g−1). The areal capacitance was higher than 24.1 mF cm−2 per electrode previously reported at a

similar charge/discharge rate for a TiO2 nanotube array-only electrode using an aqueous Na2SO4

electrolyte.48

The coulombic efficiency of the [N] and [I] electrodes was 92% and 98% respectively (the de-

tailed estimation method of coulombic efficiency is shown in the SI), again due to more facile ion

transport across the [I] electrode/membrane interface. Figure S4 in the SI shows galvanostatic

charge/discharge curves of the solid-state supercapacitor using [I] electrodes at a higher current of

0.8 mA cm−2 (0.73 A g−1), where the shape of the curves was maintained, with a capacitance of

93.2 mF cm−2 (84.6 F g−1) per electrode, a coulombic efficiency of 97% and a capacitance retention

of 84% when the charge/discharge rate was doubled.

Given the effectiveness of the P-TiO2 in the interface layer, the effect of the pore size in the P-TiO2

18



was studied by reducing the templated pore diameter from ∼25 nm to ∼7 nm, shown in the SEM

image in Figure S5. Figure S6 shows the galvanostatic charge/discharge curves of a solid-state

supercapacitor again using [N-TiO2 + MWNT] electrodes but now with an interface layer contain-

ing the P-TiO2 with the reduced pore size, at the same charge/discharge rate of 0.4 mA cm−2.

The charge and discharge curves now deviated from the “sawtooth” shape shown in Figure 6(b);

coulombic efficiency was reduced from 98 to 45%, and capacitance reduced by 68% to 36.1 mF

cm−2. The smaller P-TiO2 pores were harder to fill with the ionomer essential to H+ transport

and may have also promoted irreversible ion trapping during charging. Thus, the importance of

selecting both a TiO2 morphology that wets the H2SO4 impregnated membrane and having an

appropriate pore size that can be filled with ionomer was demonstrated.

Electrochemical stability measurements were performed in which the solid-state supercapacitor

was first galvanostatically charged to 1 V at a current density of 1 mA cm−2, and then the elec-

trode current with time was monitored at the constant voltage of 1 V,49,50 as shown in Figure 6(c).

The current was very small at ∼0.041 mA cm−2 and stable over 3 hrs, equivalent to 0.037 A g−1

and much less than 0.1 A g−1 that has been suggested to give acceptable stability.50

The dynamic capacitive performance of the solid-state supercapacitors using [N] and [I] electrodes

was then assessed using electrochemical impedance spectroscopy (EIS). Figure 6(d) shows the

impedance phase angle in relation to frequency for both types of electrode, with a reasonably flat

response of ∼ -85o at low frequency, conforming to near-capacitive behaviour.39 At frequencies

higher than 1.5 Hz, the [I] electrode maintained a significantly higher phase angle than the [N]

electrode without the interface layer.

19



Electrode Electrolyte Frequency (Hz) at a
phase angle of -45o

Phase angle (o) at a
frequency of 120 Hz

[N-TiO2 + MWNT] electrode ([N]) Polymer electrolyte
Nafion membrane

2 -5.5

[N-TiO2 + MWNT] electrode with a
[P-TiO2 + MWNT] interface layer ([I])

Polymer electrolyte
Nafion membrane

5 -25

Table 4: A summary of frequency and phase angle achieved for the solid-state supercapacitor using [N-
TiO2 + MWNT] electrodes without ([N]) and with ([I]) the interface layer.

At a phase angle of -45o, the [N] electrode in the solid-state supercapacitor configuration operated

at ∼2 Hz, compared with ∼5 Hz for the [I] electrode; at 120 Hz, the [N] electrode had a phase

angle of -5.5o, compared with -25o for the [I] electrode, as summarised in Table 4. Supercapacitors

using carbon-based electrodes and liquid electrolytes have high frequencies and phase angles, e.g. a

supercapacitor using vertically oriented graphene nanosheets electrodes and a KOH aqueous elec-

trolyte exhibited a very high frequency of 15,000 Hz at -45o, and a phase angle of -82o at 120 Hz.3

Although not always reported in detail, supercapacitors using polymer electrolyte membranes will

always exhibit lower frequencies and phases angles,51 e.g. the phase angle decreased sharply at

-45o and approached 0o at high frequency.13 Here, we show that although the frequency and phase

angle of solid-state supercapacitors could not match those of liquid electrolyte-based supercapaci-

tors, adding an interface layer between the electrode and polymer electrolyte membrane increased

frequency by 2.5 times at -45o and increased phase angle by 4.5 times at 120 Hz.

Figure 6(e) shows the dependence of dynamic capacitance per electrode measured from EIS in re-

lation to frequency, following the procedures in3,39,52. Figure 6(e) shows that the [I] electrode with

the interface layer exhibited a higher dynamic capacitance in the frequency range 0.01-120 Hz and

Table 5 summarises the dynamic areal capacitances per electrode in the 0.01-120 Hz range. This
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Electrode Specific areal capacitance (mF cm−2)

0.01 Hz 0.1 Hz 10 Hz 120 Hz

[N-TiO2 + MWNT] electrode ([N]) 72.2 21.0 2.6 0.7

[N-TiO2 + MWNT] electrode with a
[P-TiO2 + MWNT] interface layer ([I])

103.1 52.2 4.0 0.9

Table 5: A summary of the areal capacitance per electrode achieved for the solid-state supercapacitor
using [N-TiO2 + MWNT] electrodes with ([I]) and without ([N]) the interface layer.

frequency range is of particular technological interest because 0.12-70 Hz corresponds to the typ-

ical time constants of most high-power storage applications, such as cranking in a hybrid electric

vehicle with an internal combustion engine, while 120 Hz corresponds to the typical time constant

of high-frequency ripple filtering applications, which is dominated by the EDLC response.53

Overall, the performance of the solid-state supercapacitor after adding the interface layer was

amongst the best-performing solid-state supercapacitors using similar electrode materials in the

literature. For example, although a carbon quantum dot modified polypyrrole/titania electrode

exhibited a high capacitance of 529 F g−1 in a liquid H2SO4 electrolyte, its capacitance dropped

sharply to only 20 F g−1 at 5 mV s−1 in a solid-state supercapacitor configuration.47 The high ca-

pacitance of the solid-state supercapacitor demonstrated here was due to the synergistic effects of:

(i) a spraying and in situ drying process that allowed fabrication of porous electrodes consisting of

an interconnected MWNT network with good electrical connectivity and an ionomer coating over

all electrochemically active materials to facilitate ion conduction; (ii) an MWNT network that

prevented excessive N-TiO2 nanoparticle agglomeration so that both the MWNTs and N-TiO2

nanoparticles provided a high surface area contributing to EDLC; and (iii) a thin P-TiO2-based

interface layer filled with ion-conducting ionomer contributed to improved wetting between the
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polymer membrane and the rest of the electrode, evidenced by faster ion transfer and a reduction

in the electrode/polymer membrane interfacial ion transfer resistance.

Finally, we studied the performance of the solid-state supercapacitor with the interface layer under

low and normal humidity conditions. Figure 6(f) shows a CV curve of the solid-state supercapaci-

tor using [I] electrodes at 350 mV s−1, after the whole supercapacitor was placed in a vacuum oven

at 105 oC (within the stable Nafion and ionomer temperature range54) for 3 hrs. The CV curve

shows a highly elongated and compressed parallelogram, indicating little charge storage, with an

estimated capacitance of only 1.5 mF cm−2 per electrode at 350 mV s−1. Figure 6(f) also shows

the CV curve of the same dried solid-state supercapacitor after then leaving it in air for 3 hrs. The

CV curve recovered a more parallelogram shape, indicating charge/discharge kinetics were partly

restored, even after the preceding severe drying cycle, which is not usually applied for solid-state

supercapacitors.55 The estimated recovered capacitance was 13.3 mF cm−2 per electrode at 350

mV s−1. Therefore, the capacitance increased by 9 times by simply leaving the supercapacitor

in air without packaging even after severe drying, offering encouraging potential in, e.g. future

wearable electronic applications.

Cyclic testing showed that the solid-state supercapacitor using the [I] electrodes with the interface

layer retained 96% capacitance at a 1 mA cm−2 current density after 10,000 cycles.
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4 Conclusions

A 450 nm porous TiO2-based interface layer and then a 4.5 µm thick MWNT and non-porous

TiO2 nanoparticles-based electrode was sprayed on a polymer electrolyte membrane in a continu-

ous process. In a solid-state supercapacitor configuration, this interface layer reduced interfacial

resistance, enhanced ion transfer and improved dynamic capacitive performance. A capacitance

of 111.1 mF cm−2 per electrode at 0.4 mA cm−2 after adding the interface layer was amongst

the highest reported for solid-state supercapacitors. We have shown how engineering the mem-

brane/electrode interface can transform solid-state supercapacitor performance and make best,

conservative use of the relatively hard-to-obtain porous TiO2. The general principle of interfacial

engineering, exemplified here in a solid-state supercapacitor configuration, could find wider appli-

cability in a variety of electrochemical energy storage and conversion devices.
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