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8 ABSTRACT: We report fabrication of flexible all-solid-state trans-
9 parent electrochromic patterned microsupercapacitors based on two-
10 dimensional layered nanostructured molybdenum oxide (MoO3−x)/
11 poly(3,4-ethylenedioxythiophene)−polystyrenesulfonate (PE-
12 DOT:PSS) nanocomposite electrodes. Exceptional electrochemical
13 performance of the transparent microsupercapacitors includes fast
14 kinetics and response times, high specific capacitances (up to 79.2 C/
15 g, 99 F/g, and 2.99 mF/cm2), and Coulombic efficiencies of 99.7%
16 over 2500 cycles. Such exceptional performance is attributed to the
17 synergistic effects of PEDOT:PSS providing high electrical con-
18 ductivity and high charge storage capacity along with its segregated
19 interfacial nanostructure facilitating the intercalation of the ionic
20 species, H+(Na+, K+) and SO4

2−, into the high surface area tunnel
21 structure of the 2D MoO3−x nanosheets. Supercapacitors using
22 MoO3−x PEDOT:PSS electrodes exhibit optical transmittance above 70% (λ = 380−730 nm). The electrochromic performance
23 of the transparent microsupercapacitor is due to both PEDOT:PSS and cation (H+) intercalation in the tunnel structure of
24 MoO3−x.

25 KEYWORDS: transparent supercapacitor, 2D materials, PEDOT:PSS, molybdenum oxide nanoparticles, nanocomposite electrode,
26 electrochromic

27 ■ INTRODUCTION

28 Advanced electrochemical capacitors require high power
29 density, excellent charge storage capability, fast response
30 time, safety, cycle life, and large energy density.1−12 Recent
31 requirements for embedded energy storage systems are small,
32 thin, lightweight, and flexible yet high specific capacitance, high
33 energy, and power density.1−12 Transparent thin film solid-
34 state flexible supercapacitors are currently under intense
35 investigation for optoelectronics applications.14−21 The
36 combination of transparency, electrical conductivity, charge
37 storage capacity, the capability of undergoing redox (and/or
38 intercalation) reactions, and electrochemical stability is
39 extremely difficult to achieve. Optically transparent pristine
40 1−2 layer thin graphene supercapacitors featured an areal
41 capacitance of 80 μFcm−2 while multilayer graphene oxide
42 demonstrated 394 μFcm−2.14 Hierarchical Ag−Au nanoma-
43 terials have been utilized in transparent supercapacitors
44 exhibiting 136.5−209.9 μF/cm2.16 Transparent stretchable
45 supercapacitors of wrinkled graphene have shown 57%
46 transparency at 550 nm with areal capacitance of 5.8 μF
47 cm−2 and gravimetric capacitance of 7.6 F g−1.15 Highly
48 stretchable transparent supercapacitors based on Ag−Au
49 core−shell nanowires showed areal capacitance up to areal
50 capacitance of 209.9 μF/cm2.17 Pseudocapacitor transparent

51ruthenium oxide aerogel-based supercapacitors with loading
52levels of 16.3 μg cm−2 exhibited gravimetric capacitance of
5379.6, 79.2, 75.9, and 72.3 F g−1 and areal capacitances of 1.30,
541.29, 1.23, and 1.18 mF cm−2 at scan rates of 25, 50, 75, and
55100 mV s−1.19 Recently, all-solid-state highly stretchable,
56transparent, and flexible electrodes of graphene PEDOT:PSS
57microsupercapacitors showed an excellent performance of 790
58μF cm−2 at the discharge current of 50 μA cm−2.21

59Transition metal oxides provide opportunities for the next
60generation of optoelectronics and electrical energy storage
61systems due to their exceptional electrical properties, optical
62band gap, and high surface area for intercalation/deintercala-
63tion of ionic species,4,22−28 Transparent supercapacitors
64require high transparency, good electrical conductivity, and
65large charge storage capacity. Two-dimensional materials such
66as graphene and transition metal dichalcogenides (e.g., MoS2,
67MoTe2, MoSe2, WS2, and MoOx) are excellent potential
68candidates for advanced optoelectrochemical storage devi-
69ces.4,22−28 Charge carriers in graphene travel essentially with
70massless speed of light electron transport (c* ≈ 106 m s−1) in
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71 the absence of scattering.29 Although a graphene single layer is
72 97% transparent with respect to the incident beam, chemically
73 derived reduced graphene exists in multiple layers and stacks,
74 making the >90% optical transparency required for optoelec-
75 trical devices difficult to achieve. The 2D transition metal
76 dichalcogenide MoO3−x family has tunable optical and
77 electrical properties which can be readily tailored, making
78 them of great interest for transparent energy storage
79 devices.4,22−28

80 Molybdenum oxide has a wide range of optical and electrical
81 properties which are dependent on its oxidation state (Mo2+,
82 Mo3+, Mo4+, Mo5+, and Mo6+), dopants, doping level, and
83 crystal structure.4,22−28 MoO3 has a large work function (6.6
84 eV) due to its closed shell structure.27 Shallow oxygen
85 vacancies in MoO3 make it an n-type degenerate semi-
86 conductor that can easily donate electrons.25−28 This makes
87 MoO3 ideal for proton (H+ or Li+) intercalation, resulting in
88 high electrical conductivity suitable for energy storage devices
89 such as pseudocapacitors. Molybdenum oxides have excep-
90 tional electrochemical properties due to their tunnel structures
91 created from MoO6 octahedra, where Li

+ and H+ ions can be
92 readily intercalated and deintercalated.25−28 As a result of
93 proton intercalation, the electrical conductivity of MoO3

94 increases.4,25−28 Kalantarzadeh et al. proposed the H+ can
95 intercalate in the oxygen of MoO3, resulting in a significant
96 increase in free electron concentration.23,26 It has been also
97 reported that hydrogen insertion causes extended lattice
98 distortion in α-MoO3, resulting in a significant reduction of
99 the energy gap.23−28 Simulations predicted any n-type electron
100 doping or charge transfer results in band gap distortion.23−28

101 Huang et al. reported proton intercalation significantly deforms
102 O2−Mo−O2 chains, leading to band gap narrowing and optical
103 band gap reduction.25−27 The intrinsic conductivity of fully
104 oxidized MoO3 has been reported as 10

−5 S/cm2 and increased
105 to 10−4 S/cm for reduced MoO3.

4 Because of its limited
106 electrical conductivity, molybdenum oxide is used in
107 composite structures with highly conductive additives such as
108 activated carbon or graphene.23−28 Molybdenum oxides and
109 their nanocomposites have shown excellent performance as
110 supercapacitors where active material loading can be high and
111 there is no transparency requirement.30−33 Supercapacitors
112 with MoO3−graphene composite electrodes demonstrated a
113 capacitive performance of 148 F/g by using aqueous
114 electrolyte of 1 M Na2SO3.

30−33 Despite reports of MoO3

115 supercapacitors,30−33 to the best of our knowledge, there is no
116 report of an organic−inorganic PEDOT:PSS molybdenum
117 oxide nanocomposite as a transparent microsupercapacitor
118 electrode.
119 Acid-based electrolytes, such as sulfuric and phosphoric acid,
120 have been incorporated in a network of poly(vinyl alcohol)
121 (PVA) gels to generate all-solid-state supercapacitors where
122 safety, low toxicity, and flexibility are important criteria.34

123 Supercapacitors of interwoven carbon nanotubes (CNTs)
124 embedded in polydimethylsiloxane (PDMS) featured a
125 capacitance per unit footprint of 0.6 mF/cm2 in KOH solution
126 compared to 0.3 mF/cm2 in KOH gel electrolyte.34 The pKa is
127 the ionic dissociation strength; the ionic dissociation and ion
128 diffusion in macromolecular gels are more complex and have
129 been modeled as a function of chemical potential of ionic
130 species, flux vectors, diffusivities and concentrations of ionic
131 species, and temperature as a three-dimensional network when
132 an electric field was applied.35,36

133PEDOT:PSS is a transparent conductive polymer with both
134good electrical and ionic conductivity and a theoretical
135capacitance of 210 F/g.37−41 The origin of the PEDOT:PSS
136complex ionic−electrical coupling has been investigated by
137describing the cyclic voltammogram using a 2D Poisson−
138Nernst−Planck analysis.37−41 The high capacitance has been
139attributed to the high surface area phase-separated morphology
140and to a large contribution of the electric double layer (EDL)
141formation along the interfaces between the electron conduct-
142ing PEDOT and ion-transporting PSS.37−41 The charge storage
143capacity is also enhanced by the free volume of PEDOT.
144Sulfuric acid-doped PEDOT:PSS exhibits 4 times higher
145electrical conductivity (4380 S cm−1), improved transparency,
146increased crystallinity, and a change in morphology to a fibrillar
147structure with an enhanced surface area.37−41

148Recently, all conjugated electrochromic supercapacitors
149based on polyaniline capacitive coating and electrochromic
150conjugated polymers demonstrated dual functionality promis-
151ing potential for smart windows.42 Metal oxides such as
152tungsten oxide (WO3), niobium oxide (Nb2O5), and titanium
153dioxide (TiO2) have shown electrochromic behavior where
154anodic electrochromism is reported for nickel oxides and
155special vanadium pentoxide.42−44 Self-powered electrochromic
156nanogenerators with an average visible optical modulation
157(ΔTvis) of 15.3% and a response time of 10 s have been
158recently reported.42−44 PEDOT:PSS silver grid films were
159coated with electrochromic WO3 to generate flexible hybrid
160structure with large optical modulation (81.9% at 633 nm), fast
161switching, and high coloration efficiency (124.5 cm2 C−1).45

162In this study, we report a solid-state hybrid organic−
163inorganic PEDOT:PSS−MoO3 transparent supercapacitor
164device prepared in a facile, yet scalable method. We designed
165all-solid-state flexible thin transparent pseudocapacitor electro-
166des based on 2D nanosheet stacks of an orthorhombic (o)-
167MoO3PEDOT:PSS hybrid structure with a poly(vinyl
168alcohol)−sulfuric acid (PVA−SA) gel electrolyte. These
169microsupercapacitors were prepared in two configurations:
170an interdigitated pattern and a window and frame design using
171a CO2 (λ = 10.6 μm) laser patterning method. The
172microsupercapacitors exhibited excellent electrochemical per-
173formance with high specific capacitances up to 79.2 C/g, 99 F/
174g, and 2.99 mF/cm2 as well as Coulombic efficiencies of 99.7%
175over 2500 cycles. The device performance is attributed to the
176high surface area fibrillar morphology of the sulfuric acid-
177doped PEDOT:PSS, enabling high charge storage capacity
178(H+, SO4

2−) which makes the charges readily available for
179intercalation into the tunnel structure of the o-MoO3−x.

180■ EXPERIMENTAL SECTION
181Materials.Molybdenum(II) acetate dimer (Alfa Aesar), poly(vinyl
182alcohol), acetone, and NMP (Sigma-Aldrich) were used as received.
183PEDOT:PSS-coated PET films were generously donated by Kimoto
184Tech.
185Molybdenum Oxide Synthesis. Molybdenum(II) acetate dimer
186(MoAD) was used as an organometallic precursor. In a typical
187preparation method, 0.25−1 mmol of MoAD was dissolved in 3−5
188cm3 of NMP and then added dropwise to the anhydrous NMP
189solution at 190 °C while stirring under nitrogen. The dispersion was
190stirred at 190 °C for 15 min, 30 min, 45 min, and 1 h. The resultant
191dispersion was centrifuged and washed with acetone three times until
192clear. Subsequently, the resulting nanoparticles were annealed at 400
193°C to yield light blue nanoparticles.
194Fabrication of the Flexible All-Solid-State Supercapacitors:
195Electrode Preparation. The molybdenum oxide nanoparticles were
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196 dispersed in acetone (0.01 g/1 cm3 acetone) and spray-coated using
197 an airbrush onto a set of PEDOT-coated PET current collectors.
198 Transparent current collectors with PEDOT:PSS had a thicknesses of
199 ∼0.45 μm and a nominal surface resistivity of 200 ohm/sq. The spray-
200 coating was performed on a hot plate set at a temperature of 55 °C
201 with a total weight of 0.08−0.15 mg (0.04−0.075 per electrode) on a
202 1 cm × 1 cm square area of electrode. After drying, the electrodes
203 were patterned by using a CO2 laser in two configurations: a window
204 and frame pattern and a three-finger interdigitated pattern. The
205 separation between the electrodes was 0.9−1 mm. Poly(vinyl alcohol)
206 (PVA)−sulfuric acid gel was used as the gel electrolyte. The devices
207 were covered with a second PET sheet to minimize water evaporation
208 and the presence of oxygen.

209 ■ RESULTS AND DISCUSSION

210 Fabr icat ion and Character izat ions of o-
211 MoO3Nanoparticles. We developed a solvent-based syn-
212 thesis method to prepare two-dimensional o-MoO3 nanosheets
213 and/or nanoscrolls examined using high-resolution trans-

f1 214 mission electron microscopy (HR-TEM) (Figure 1a−d). The
215 chemical and crystalline structure and the morphology of the
216 molybdenum oxide nanosheets were characterized by using
217 wide-angle X-ray scattering (WAXS), X-ray photoelectron
218 microscopy (XPS), atomic force microscopy (AFM), and high-
219 resolution microscopy (HR-TEM). The crystalline structures
220 of the MoO3 nanosheets and nanoscrolls were determined to

f2 221 be orthorhombic by using WAXS (Figure 2).46−48 During this
222 reaction, Mo4+ atoms of molybdenum(II) acetate dimer
223 (MoAD) were oxidized from Mo4+ to Mo6+ and Mo5+. The
224 resultant o-MoO3 nanosheets had a small atomic percent of
225 Mo5+ in addition to Mo6+, leading to a higher conductivity and
226 enhanced electrochemical performance (WAXS, AFM, and
227 XPS, Figures 2−5). The molybdenum acetate dimer precursor
228 was oxidized to o-MoO3−x in N-methyl-2-pyrrolidone (NMP)
229 at 190 °C followed by thermal annealing at 400 °C (Figure
230 1a). At higher temperatures once the carbon species bonded to
231 the oxygen atoms were decomposed, the oxygen atoms were
232 oxidized from Mo4+ to Mo5+ and Mo6+. An inert atmosphere
233 was used to limit the availability of free oxygen atoms and
234 molecules to generate reduced MoO3. This resulted in a light
235 blue color for o-MoO3 after annealing. The o-MoO3 consists of
236 stacks of two-dimensional nanosheets forming nanoparticles. A
237 typical o-MoO3 nanoparticle with lateral dimensions of 190 nm
238 × 100 nm consisting of o-MoO3 nanolayers and stacks is

f3 239 shown in Figures 1b,c and 3a−c. The single or few nanosheets
240 of o-MoO3 appear to be nearly transparent with respect to the
241 incident beam and have a tendency to fold at the edges of

242single or few layer nanosheets. The particle size distribution
243determined by dynamic light scattering features lateral
244dimensions ranging from 60 nm to 1.6 μm, with an average
245particle size of 339 ± 166 nm (Table S1). The single or few
246nanolayers of o-MoO3 are extremely thin and nearly
247transparent with respect to the incident electron beam (HR-
248TEM, Figures 1c and 3a−c). This indicates that the 2D layered
249structure materials can be exfoliated to atomically thin single
250layer (or few layers) of low color MoO3 which makes them
251ideal for transparent supercapacitors. The thin layered
252structure of MoO3 has excellent optical properties and low
253absorption in the visible wavelength range. The optical
254transparency of composite layers of MoO3 thin layer and
255silver layer deposit is reported as 70% normal transmittance in
256the wavelength range of 350 nm < λ < 550 nm.49 The two-
257dimensional layered structure of MoO3 that can be readily
258exfoliated into single and few atomic thin layers provides an
259excellent opportunity for their application in transparent
260energy storage devices. The 2D layered nanosheet structure
261of the o-MoO3 results in a high surface area per nanoparticle
262and is ideal for EDL charge storage and ion intercalation.
263The X-ray diffraction pattern was matched with JCPDS 01-
264089-5108, indicating an orthorhombic MoO3 structure.46−48

265The orthorhombic MoO3 structure consists of edge and
266corner-sharing MoO6 with a unit cell of a = 3.962 Å, b =

Figure 1. (a) A reaction scheme for molybdenum acetate dimer in NMP forming MoO3 on heating at 195 °C followed by annealing at 400 °C. (b)
TEM micrograph of a typical MoO3 nanoparticle. (c) At higher TEM magnification a stack of MoO3 nanosheets appears to be semitransparent
under the electron beam. (d) TEM micrograph of MoO3 nanoscrolls.

Figure 2. Wide-angle X-ray diffraction pattern of the molybdenum
oxide nanoparticles indexed to orthorhombic MoO3 (JCPDS 01-089-
5108).
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267 13.855 Å, and c = 3.701 Å. The Scherrer equation (τ = Kλ/β
268 cos θ) was used to calculate the mean crystallite size (t) by
269 using the full width half-maximum (peak broadening, b), taking
270 into account the instrument broadening constant (K = 0.94),
271 wavelength λ = 1.5418 Å, and the peak position (θ) Rietveld
272 refinement using the least-squares minimization approach for
273 fitting the shape of the measured peak profile to the calculated
274 one based on the wave vector diffraction principle (q = 4π
275 sin(θ)/λ) in reciprocal space (q = wave vector) for crystal unit
276 cell calculations.47,48 This refinement resulted in cell unit
277 parameters of a = 3.965 Å, b = 13.79 Å, and c = 3.72 Å and
278 space group of pnm (shown in the Supporting Information).
279 The complete list of values, lattice spacing, crystallite size,
280 and unit cells from both Scherrer calculations and Rietveld
281 refinement are listed in Table S2. The Scherrer calculation
282 values are the crystallite size, which is different from particle
283 size. This approximation is well within the validity range of the
284 Scherrer equation (<100 nm). X-ray diffraction patterns
285 indicate that the orthorhombic MoO3 structure consists of
286 edge and corner-sharing MoO6 octahedra with crystallite sizes
287 ranging from 31.3 to 76.2 nm in different lattice (hkl) planes,
288 040 and 021, respectively, based on the Scherrer equation
289 (Figure 2 and Table S2).46−48 The crystallite’s shape could be
290 approximated as spherical, as indicated by the absence of
291 asymmetric peak broadening.
292 To further investigate the morphology of the two-dimen-
293 sional MoO3 nanoparticles, high-resolution TEM and AFM
294 were utilized (Figures 3 and 4). High-resolution micrographs
295 of MoO3 nanosheets show the growth of o-MoO3 in the 110
296 direction with a lattice spacing of 3.8 Å (Figure 3a−c). The

297high-resolution micrograph confirms thin layers of o-MoO3

298with a wavy and wrinkled structure; the nanosheets are prone
299to rolling up and forming tubular structures. The fast Fourier
300transform of the MoO3 micrographs confirms the lattice
301spacing as 3.8 Å in the 110 direction.
302The AFM images of the o-Mo3 show the thin layers of the
303highly exfoliated particles with height ranging measured
304 f4between 1.3 and 26 nm (Figure 4a,b). The exfoliated o-
305MoO3 nanolayers were prepared by dispersing the particles in
306the mixture of acetone and alcohol followed by sonication and
307drop-casting from a dilute dispersion on Au-coated sapphire.
308The exfoliation protocol was followed closely to the protocol
309used for generating the MoO3 aerosol for electrode
310preparation. The o-MoO3 nanosheets were flexible and
311conformed to the gold substrate morphology. A stack of
312MoO3 nanosheets (408 × 532 nm2) with a height of ∼9 nm
313with the top nanosheet rolled up can be observed in Figure 4a.
314Figure 4b demonstrate a MoO3 nanosheet (238.5 × 71.9 nm2)
315with a height of 3.13 nm.
316The Raman spectra exhibit peaks at 996, 818, 666, 244, 290,
317and 337 cm−1 due to o-MoO3 (shown in the Supporting
318Information).4,23−28 High-resolution XPS peak deconvolution
319shows a peak at 232.5 eV corresponding to Mo6+ (Mo 3d5/2)
320with a contribution from a peak at 231.2 eV corresponding to
321 f5Mo5+ 3d5/2 (Figure 5).4,23−28The separation of the Mo 3d3/2
322and Mo 3d5/2 doublet was ∼3.1 eV, confirming the presence of
323Mo6+ in MoO3. The smaller peak at a lower binding energy of
324231.2 eV is due to a lower oxidation state slightly reduced
325MoO3. The ratio of Mo 3d5/2 to Mo 3d3/2 peaks was ∼3:2, in
326good agreement with the binding energies and area ratios

Figure 3. (a) Layered structure of the MoO3 nanoparticles. (b) High-resolution images of the synthesized MoO3 nanoparticles showing the lattice
fringes in the stacked nanosheet structure. (c) The FFT of the image shows the 110 plane (at point A, 3.8 Å). Atomic structure of the molybdenum
and oxygen in the planar structure are presented.

Figure 4. Topography of MoO3 measured by AFM for a layered particle deposited on Au-coated sapphire. (a) Larger stack of MoO3 particle (408
× 532 nm2). (b) Nanosheet of MoO3 (238.5 × 71.9 nm2).
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327 reported for o-MoO3.
4 The higher conductivity and pale blue

328 color of the synthesized o-MoO3−x are in agreement with
329 slightly reduced MoO3 approximated as MoO3−0.05 (based on
330 the area ratio of Mo5+/Mo6+). The presence of lower oxidation
331 states (Mo5+, Mo4+) has been associated with increased
332 electrical conductivity and electrochemical activity.4

333 Device Fabrication. PEDOT:PSS is a conductive polymer
f6 334 with a mixed mode of electrical and ionic conductivity (Figure
f6 335 6) that has been used both as an active material and as a

336 transparent current collector. PEDOT:PSS has a phase-
337 segregated morphology. PEDOT:PSS forms a crystalline
338 solid, and the degree of crystallinity increases with sulfuric
339 acid doping.37−41 Studies have shown that the increase in
340 sulfuric acid doping results in high electrical conductivity
341 reaching σdc‑max of 4380 S/cm at 100% sulfuric acid doping,
342 while maintaining a high level of transparency comparable to
343 that of indium tin oxide (ITO).37−41 Therefore, based on
344 reports on doping PEDOT:PSS with PVA sulfuric acid
345 electrolyte, a high electrical conductivity can be achieved,
346 along with a fibrillar highly phase-separated morphology which
347 generates high surface area and improved transparency.37−41

348 This will facilitate charge storage (H+, SO4
2−) via intercalation

349 into the tunnel structure of o-MoO3. To further process and
350 form the electrodes, the o-MoO3 stacked nanosheets were
351 dispersed in acetone and sonicated for 15 min before using a
352 high-pressure spray-coater to create PEDOT:PSS-coated PET

f7 353 films (Figure 7). This method promotes dispersion of the
354 layers and maximizes the surface area. The dispersions were
355 applied using an air brush which even promotes finer aerosols,
356 resulting in a more uniformly dispersed nanoparticles on the

357PEDOT:PSS PET films (Figure 7a,b). Then, the composite
358electrodes were patterned by using a CO2 laser (λ = 10.6 μm)
359into interdigitated patterns or window and frame config-
360urations. The devices were designed using 2D molybdenum
361oxide nanoparticles and PEDOT:PSS, which both contribute
362to the capacitance, while PEDOT:PSS also acts as a current
363collector. This processing method has the advantage of facile
364scale up to roll-to-roll processing.
365Device Characterization. The transmittance of visible
366light (λ = 380−730 nm) through the PEDOT:PSS films and
367through the PET/PEDOT:PSS/o-MoO3/sulfuric acid gel
368 f8devices was measured (Figure 8). The transparency of the

369supercapacitors is evident in Figure 8 where average trans-
370mittances of >70% can be seen in the visible region. The o-
371MoO3 particle size and particle dispersion can affect the light
372transmission and scattering especially if large aggregates form.
373The oscillations observed in the spectra are due to interference
374fringes from the thin PEDOT:PSS coating (520 nm in
375thickness).
376The device exhibited a color change on the negative
377electrode, while the positive electrode remained transparent. In
378the window and frame configuration, the frame is the negative
379electrode and the window center is the positive electrode. The
380color change of the negative electrode is attributed to two

Figure 5. High-resolution XPS spectra of Mo of the MoO3 showing
Mo6+ and some contribution of Mo5+.

Figure 6. Schematic of the chemical structure of PEDOT:PSS.

Figure 7. A dispersion of o-MoO3 nanosheets was air-brushed onto
the PEDOT:PSS PET films followed by laser patterning to form the
electrodes. (a) A dispersion was spray-coated using a high-pressure
nozzle. (b, c) The coated films were dried and laser patterned by
using a CO2 laser. (d) Fabricated devices exhibited electrochromic
and blue color in negative electrode when voltage was applied.

Figure 8. Transmittance of visible light (λ = 450−750 nm) for an
MoO3/PEDOT:PSS/PET device compared with a PEDOT:PSS/PET
film. The interference fringes are due to the thin film of PEDOT:PSS
coated on the PET surface.
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381 phenomena: (1) the intercalation of protons into the tunnel
382 structure of o-MoO3 upon application of a voltage and (2) the
383 electrochromic response of PEDOT:PSS. The positive
384 electrode remains nearly transparent likely because the
385 negative ions (HSO4

−, SO4
2−) are too large for intercalation

386 within the MoO3 crystal structure. Electrochromic energy
387 storage devices can be used in smart windows with dual
388 functionality of energy storage capability.
389 Electrochemical Measurements. The main parameters
390 of microsupercapacitor performance are (1) high specific
391 capacitance, (2) fast charge/discharge rates, (3) efficiency and
392 cyclability, (4) safety, (5) flexibility, and (6) facile production,
393 i.e., low cost. Cyclic voltammetry of a typical transparent
394 supercapacitor device (two identical electrodes, 0.9−1 mm
395 nonconductive separator in PVA−SA gel electrolyte) in the
396 sweeping voltage range from 0 to 0.8 V and scan rates of 1, 3,

f9 397 5, and 8 mV/s is presented in Figure 9a. The current increased
398 immediately as the voltage was increased followed by a redox
399 peak showing nearly ideal supercapacitor behavior with
400 excellent rate capacity. The discharge was rapid and exhibited
401 a reverse peak, indicating reversible redox activity. It has been
402 reported that molybdenum oxide-based supercapacitors show
403 an irreversible peak Li+ ion intercalation in the first cycle.4 The
404 first cycle in the molybdenum oxide:PEDOT:PSS super-
405 capacitors exhibited an irreversible peak which was not taken
406 into account for the measurements and calculations. The
407 devices demonstrated electrochromic behavior. Once the
408 voltage was applied, the negative electrode color changed to
409 a darker blue, while the positive electrode remained trans-

410parent. This response is indicative of mixed redox and ion
411diffusion activities. Both PEDOT:PSS and o-MoO3 are
412electrochemically active; therefore, the presence of redox
413peaks indicates the electrochemical response of both
414PEDOT:PSS and H+ intercalation into the tunnel structure
415of o-MoO3. Diffusion-controlled H+ insertion occurs at low
416scan rates where the time scale of the processes allows ion
417diffusion in the inner structure of the o-MoO3 (Figure 9a,b).
418The capacitive response changed to EDLC type when the
419scan rate was increased to 20 mV/s, where the fast scan rate
420does not provide enough time for redox reactions and
421intercalation and deintercalation of protons (H+) into the
422tunnel structure of o-MoO3 (Figure 9b). The majority of the
423capacitive contribution can be attributed to EDLC formation
424in the two-phase structure of PEDOT.37−41 The charge storage
425mechanism was evaluated by fitting the change of the current,
426I(υ), as a function of scan rate υ at a specific voltage (V) to a
427power law: I(υ) = aυb (Figure 9c).51−56 The b value variations
428are indicative of Faradaic and non-Faradaic currents. When the
429b value is close to 1, this indicates capacitive control, while a b
430value close to 0.5 indicates diffusion-controlled currents. Figure
4319c shows b values close to 1 at low voltage (0.1 V) followed by
432a sudden decrease to 0.64 at 0.2 V, indicative of diffusion-
433controlled reactions at low voltage (∼0.2 V). The b value then
434increased to ∼0.8 above 0.4 V, indicating that the charge
435storage mechanism is now dominated by the electric double
436layer formation at higher voltage. The change in b value in this
437system is an indication of mixed intercalation, redox, and
438EDLC currents.51−56 The Faradaic reactions occur at low

Figure 9. Electrochemical performance of the transparent supercapacitor. (a) Cyclic voltammogram of the MoO3/PEDOT:PSS/PET device
measured at 1, 3, 5, and 8 mV/s clearly showing a redox peak. (b) Cyclic voltammogram of the MoO3/PEDOT:PSS/PET device at 20 mV/s
showing a larger contribution of the EDL. (c) The b values were calculated from the power-law dependence of the current to the scan rate.
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439 voltage while the performance quickly changes to EDLC at
440 slightly higher voltages.
441 The gravimetric capacitance (Cg, F/g), the specific
442 capacitance (Cs,C/g), and the footprint areal capacitance (Ca
443 in mF/cm2) were calculated from the CV curves at each scan
444 rate (eqs S1 and S2) (Figure 9a,b). The gravimetric
445 capacitance (and specific capacitance) values are 99.8 F/g
446 (79.8 C/g), 95.0 F/g (76 C/g), 90.4 F/g (72.3 C/g), and 86.8
447 F/g (69.4 C/g) at scan rates of 1, 3, 5, and 8 mV/s,
448 respectively. The footprint areal capacitance values are 3.0, 2.9,
449 2.7, and 2.6 mF/cm2 at scan rates of 1, 3, 5, and 8 mV/s,
450 respectively. The gravimetric and areal capacitance values are
451 high, and the device maintained its capacitance within the

f10 452 examined scan rate range (Figure 10). Dai et al. reported

453 specific capacitance of 29.2 F/g for long CNT polydimethylsi-
454 loxane stretchable transparent supercapacitors.57 Transparent
455 flexible solid-state supercapacitors of graphene electrodes with
456 phosphoric acid gel electrolyte exhibited 12.4 μF/cm2 at 10
457 mV/s.18 Our device offers high specific capacitances (up to 99
458 F/g, 2.99 mF/cm2), and Coulombic efficiencies of 99.7% over
459 2500 cycles exceeding the performance of the transparent
460 supercapacitors with transparency higher than 70% at 550 nm
461 reported in the literature.14−21

462 f11The Nyquist plot (Figure 11a) shows a semicircle followed
463by a diffusion-related impedance and then a change of Z′ to
464almost parallel to −Z″ at low frequencies indicating nearly
465ideal supercapacitive behavior. The resistance at high
466frequency due to contact resistance was negligible (A in
467Figure 11a). The PEDOT:PSS acts as both a current collector
468and an active material; therefore, there is essentially no contact
469resistance. The electrode resistance was negligible compared to
470the bulk electrolyte, mass transfer, and charge transfer
471resistances. The semicircle resistance (B) represents a
472combination of the bulk electrolyte, mass transfer, and charge
473transfer resistances of 838.2 Ω, in reasonable agreement with
474that calculated from the IR drop as 766.6 ± 14.4 Ω. This high
475value is likely due to the high resistance of the gel electrolyte.
476The low-frequency Warburg impedance at 45 °C can be
477attributed to diffusion processes.3 A linear fit of Z′ vs ω−1/2

478(frequency < 25 Hz) resulted in a Warburg coefficient (σ) of
479357 ± 58 ohm0.5 (Figure 11b).3 This value is higher than
480comparable low-viscosity electrolyte devices, likely due to slow
481diffusion of the ions through the high-viscosity PVA gel.
482The Bode plot shows two step changes: one at high-
483frequency (∼632.9 Hz) followed by a second at lower
484frequency (0.06 Hz) (shown in the Supporting Information).
485This resulted in a 2.8 s response time (at a phase angle of
486−45°), indicating a complex electrochemical activity with a
487contribution from both capacitive moietiesPEDOT:PSS and
488o-MoO3affecting the electrochemical activities of the
489supercapacitor. The fast response time of the device can be
490attributed to the fast kinetics of proton intercalation/
491deintercalation in the tunnel structure of o-MoO3. Hydrogen
492doping decreases the MoO3 bandgap, expands and contracts its
493lattice structure upon intercalation and deintercalation, and
494changes its color.21−24 PEDOT:PSS has also been reported as
495an electrochromic material. Doping PEDOT:PSS with sulfuric
496acid results in a nanofibrillar segregated PEDOT structure with
497high surface area which can store charge (H+ and SO4

−2) and
498provide ions for intercalation and deintercalation.37−41

499The o-MoO3-based supercapacitors showed both a hybrid
500battery−supercapacitor behavior demonstrating high energy
501and power densities for transparent microsupercapacitors as
502 f12shown in the Ragone plot of Figure 12a obtained by direct
503integration of the instantaneous power under the CV curve.

Figure 10. Electrochemical performance of the transparent super-
capacitor of calculated specific capacitance (Cg and Ca) as a function
of scan rates.

Figure 11. (a) A Nyquist plot of the transparent supercapacitor shows Z′ behaving nearly parallel to the −Z″ axis approaching the theoretical limit
of supercapacitor behavior. (b) The Warburg coefficient was calculated with a linear fit at low-frequency range (<25 kHz).
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504 The designed morphology of the PEDOT:PSS with the o-
505 MoO3 tunnel structure enables intercalation of protons (H+)
506 from the sulfuric acid electrolyte which results in super-
507 capacitors having high energy densities. The Coulombic
508 efficiency measured over 2500 cycles (at 2.5 A/g) was 99.7%
509 (Figure 12b), and the device exhibited excellent areal
510 capacitance retention. Similar life cycles have been reported
511 for complex redox−EDLC systems.57,58 Meanwhile, our device
512 exhibits aerial capacitance up to 2.99 mF/cm2; flexible
513 transparent supercapacitors of embedded PEDOT:PSS/
514 AgNFs network exhibited areal capacitance of 0.91 mF/cm2.59

515 Systems without transparency requirements are a different
516 class of supercapacitors. Spicule-like Ni3S2 shells grown on
517 molybdenum nanoparticle doped nickel foams are recently
518 reported with 1.06 C cm2 (361 C/g) at 1 mA/cm2 and good
519 rate capability.61 More recently, high-performance super-
520 capacitors consisting of NiMoO4 nanowire arrays and carbon
521 nanotubes film have been reported to demonstrate 91.6%
522 capacitance retention.60−62 More recently, a range of super-
523 capacitors with complex electrodes have been studied and
524 reported.63−69

525 The transparent MoO3/PEDOT:PSS/PET devices are
526 completely flexible. The electrochemical performance of the
527 devices was measured while under bending conditions at
528 bending angles of 60° and 90°. The device was mounted on a
529 two-piece flat substrate of equal lengths movable in specific

530angles. These angles can also be measured by knowing triangle
531dimensions. The device was connected to the potentiostat
532where cyclic voltammetry was performed at 5 mV/s while
533bending at 60° and 90° angles. The excellent electrochemical
534performance nearly remained unchanged while bending
535 f13(Figure 13).

536■ CONCLUSIONS

537In summary, high performance transparent (T > 70% at 550
538nm) supercapacitor/electrochromic devices have been fab-
539ricated by using PEDOT:PSS and 2D o-MoO3 nanosheets as
540both pseudocapacitive and EDLC active materials. The
541exceptional performance is attributed to the high charge (H+,
542SO4

2−) storage capacity enabled by high surface area
543PEDOT:PSS doped with sulfuric acid facilitating proton
544intercalation/deintercalation into and out of o-MoO3.
545PEDOT:PSS, an ionic and electronic conductor, acts both as
546an active layer storing ionic species and as a current collector.
547Upon application of a voltage, protons (H+) intercalate into o-
548MoO3, resulting in a color change for this negative electrode.
549The positive electrode is designed to remain as a transparent
550window for the supercapacitor. This provides an opportunity
551to create charge storage devices with electrochromic
552functionality.

Figure 12. (a) A Ragone plot of areal energy density vs power density comparing transparent PEDOT:PSS/MoO3/SA devices with Li ion batteries,
electrolytic supercapacitors, and microsupercapacitors. (b) The Coulombic efficiency (○) and capacitance of the devices (■) vs number of cycles.

Figure 13. (a) Supercapacitor films were placed on a substrate and moved to 60° and 90° where measurements were performed while bending. (b)
Cyclic voltammetry measurements of the MoO3/PEDOT/PSS film supercapacitors at bending angles of 0°, 60°, and 90° at a scan rate of 5 mV/s.
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675Hany, R.; Nüesch, F. Hydrogen Reduction of Molybdenum Oxide at
676Room Temperature. Sci. Rep. 2017, 7, 40761.

(27) 677Guo, Y.; Robertson, J. Origin of the High Work Function and
678High Conductivity of MoO3. Appl. Phys. Lett. 2014, 105 (22),
679222110.

(28) 680Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.;
681Katsnelson, M. I.; Grigorieva, I. V.; Dubonos, S. V.; Firsov, A. A. Two-
682Dimensional Gas of Massless Dirac Fermions in Graphene. Nature
6832005, 438, 197−200.

ACS Applied Energy Materials Article

DOI: 10.1021/acsaem.8b02258
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

I

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsaem.8b02258
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b02258/suppl_file/ae8b02258_si_001.pdf
mailto:mitra.yoonessi@gmail.com
http://orcid.org/0000-0002-0078-8999
http://orcid.org/0000-0001-9459-8207
http://dx.doi.org/10.1021/acsaem.8b02258


(29)684 Sugimoto, W.; Ohnuma, T.; Murakami, Y.; Takasu, Y.
685 Molybdenum Oxide/Carbon Composite Electrodes as Electro-
686 chemical Supercapacitors. Electrochem. Solid-State Lett. 2001, 4 (9),
687 A145.

(30)688 Zhou, K.; Zhou, W.; Liu, X.; Sang, Y.; Ji, S.; Li, W.; Lu, J.; Li,
689 L.; Niu, W.; Liu, H.; Chen, S. Ultrathin MoO3Nanocrystalsself-
690 Assembled on GrapheneNanosheets via Oxygen Bonding as Super-
691 capacitor Electrodes of High Capacitance and Long Cycle Life. Nano
692 Energy 2015, 12, 510−520.

(31)693 Yuksel, R.; Coskun, S.; Unalan, H. E. Coaxial Silver Nanowire
694 Network Core Molybdenum Oxide Shell Supercapacitor Electrodes.
695 Electrochim. Acta 2016, 193, 39−44.

(32)696 Giardi, R.; Porro, S.; Topuria, T.; Thompson, L.; Pirri, C. F.;
697 Kim, H.-C. One-Pot Synthesis of Graphene-Molybdenum Oxide
698 Hybrids and Their Application to Supercapacitor Electrodes. Appl.
699 Mater. Today 2015, 1, 27−32.

(33)700 Zhang, R.; Ding, J.; Liu, C.; Yang, E.-H. Highly Stretchable
701 Supercapacitors Enabled by Interwoven CNTs Partially Embedded in
702 PDMS. ACS Appl. Energy Mat 2018, 1, 2048−2055.

(34)703 Drozdov, A. D.; Christiansen, J. d.C. Modeling the Effects of
704 PH and Ionic Strength on Swelling of Anionic Polyelectrolyte Gels.
705 Modell. Simul. Mater. Sci. Eng. 2015, 23 (5), 055005.

(35)706 Yu, H.; Wu, J.; Fan, L.; Lin, Y.; Xu, K.; Tang, Z.; Cheng, C.;
707 Tang, S.; Lin, J.; Huang, M.; Lan, Z. A Novel Redox-Mediated Gel
708 Polymer Electrolyte for High-Performance Supercapacitor. J. Power
709 Sources 2012, 198, 402−407.

(36)710 Volkov, A. V.; Wijeratne, K.; Mitraka, E.; Ail, U.; Zhao, D.;
711 Tybrandt, K.; Andreasen, J. W.; Berggren, M.; Crispin, X.;
712 Zozoulenko, I. V. Understanding the Capacitance of PEDOT:PSS.
713 Adv. Funct. Mater. 2017, 27, 1700329.

(37)714 Fong, K. D.; Wang, T.; Kim, H.-K.; Kumar, R. V.; Smoukov, S.
715 K. Semi-Interpenetrating Polymer Networks for Enhanced Super-
716 capacitor Electrodes. ACS Energy Lett. 2017, 2, 2014−2020.

(38)717 Kim, N.; Kee, S.; Lee, S. H.; Lee, B. H.; Kahng, Y. H.; Jo, Y.-R.;
718 Kim, B.-J.; Lee, K. Highly Conductive PEDOT:PSS Nanofibrils
719 Induced By Solution-Processed Crystallization. Adv. Mater. 2014, 26,
720 2268−2272.

(39)721 Rivnay, J.; Inal, S.; Collins, B. A.; Sessolo, M.; Stavrinidou, E.;
722 Strakosas, X.; Tassone, C.; Delongchamp, D. M.; Malliaras, G. G.
723 Structural Control of Mixed Ionic and Electronic Transport in
724 Conducting Polymers. Nat. Commun. 2016, 7, 11287.

(40)725 Gomes, L.; Branco, A.; Moreira, T.; Feliciano, F.; Pinheiro, C.;
726 Costa, C. Increasing the Electrical Conductivity of Electrochromic
727 PEDOT:PSS Films - A Comparative Study. Sol. Energy Mater. Sol.
728 Cells 2016, 144, 631−640.

(41)729 Wang, K.; Wu, H.; Meng, Y.; Zhang, Y.; Wei, Z. Integrated
730 Energy Storage and Electrochromic Function in One Flexible Device:
731 An Energy Storage Smart Window. Energy Environ. Sci. 2012, 5, 8384.

(42)732 Yang, X.; Zhu, G.; Wang, S.; Zhang, R.; Lin, L.; Wu, W.; Wang,
733 Z. L. A Self-Powered Electrochromic Device Driven by a Nano-
734 generator. Energy Environ. Sci. 2012, 5, 9462.

(43)735 Yang, P.; Sun, P.; Mai, W. Electrochromic Energy Storage
736 Devices. Mater. Today 2016, 19, 394−402.

(44)737 Cai, G.; Darmawan, P.; Cui, M.; Wang, J.; Chen, J.; Magdassi,
738 S.; Lee, P. S. Highly Stable Transparent Conductive Silver Grid/
739 PEDOT:PSS Electrodes for Integrated Bifunctional Flexible Electro-
740 chromic Supercapacitors. Adv. Energy Mater. 2016, 6, 1501882.

(45)741 Andersson, G.; Magneli, A.; et al. On the Crystal Structure of
742 Molybdenum Trioxide. Acta Chem. Scand. 1950, 4, 793−797.

(46)743 Yang, X.; Zhu, G.; Wang, S.; Zhang, R.; Lin, L.; Wu, W.; Wang,
744 Z. L. A Self-Powered Electrochromic Device Driven by a Nano-
745 generator. Energy Environ. Sci. 2012, 5, 9462−9466.

(47)746 Bragg, S. L.; Phillips, D. C.; Lipson, H. The Development of X-
747 ray Diffraction (reprint of the G. Bell and Sons (London) ed. of
748 1975); Dover Publications: NewYork, 1992.

(48)749 Nguyen, D.-T.; Vedraine, S.; Cattin, L.; Torchio, P.; Morsli, M.;
750 Flory, F.; Berned̀e, J. C. Effect of the Thickness of the MoO3 Layers
751 on Optical Properties of MoO3/Ag/MoO3 Multilayer Structures. J.
752 Appl. Phys. 2012, 112, 063505.

(49) 753Du, Y.; Li, G.; Peterson, E. W.; Zhou, J.; Zhang, X.; Mu, R.;
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