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integrated on a chip along with the neces-
sary electronic components. [ 4–6 ]  Although 
signifi cant advances in ultrahigh power 
density have been realized for carbon/
polymer-based electrode materials, fi lm-
type SCs normally suffer from low energy 
density. [ 7–12 ]  Therefore, the development 
of energy storage materials that combine 
the power density of SCs with the energy 
density of batteries is signifi cantly crucial 
to advance portable and distributed power 
technology. 

 Great efforts have been devoted to over-
coming this limitation by incorporating 
transition metal compounds as pseudoca-
pacitive species with carbons/conducting 
polymers and achieving enhanced energy 
densities. [ 13–16 ]  Superior to single phase 
materials, hybrid systems integrate two or 
more individual constituents with comple-
mentary properties for improved capaci-
tive behavior. [ 17–19 ]  Unfortunately, most 
approaches rely on fabricating the phase 
interface at a meso- or nano-scale level; 

consequently, a large portion of the pseudocapacitive phase 
(especially that internal to the contact) remains blocked from 
direct contact with conductive backbones, which inevitably 
leads to irreversible charge-transfer loss. Taking into account 
the crucial role of interfaces within an organized hybrid system, 
if individual components are fully hybridized on a molecular 
scale, the overall energy storage performance would be further 
boosted based on a more homogeneous interface distribution 
and stable charge-carrier transport. 

 Thus, a primary requirement is undoubtedly the creation of 
appropriate ultrathin materials with at least one characteristic 
dimension at the molecular scale. [ 20,21 ]  Layered double hydrox-
ides (LDHs) belong to a class of brucite-like clays, providing 
tunable intralayer metal cations and interlayer anions. [ 22–25 ]  
Among their distinctive features, atomic-thin LDH monolayers 
with an ultimate 2D anisotropy can be obtained based on a 
liquid exfoliation strategy. [ 26–28 ]  The electrochemically acces-
sible M(OH) 6  (M refers to transitional metal cations) units in 
the host layers present the promise of attractive redox reactions; 
however, a high energy density and rate capability are in prac-
tice hard to be achieved simultaneously as a consequence of 
the observed semiconducting or insulating properties. [ 29–31 ]  On 
the contrary, conducting polymers facilitate charge transport in 
the electrochemical process, but suffer from mechanical brittle-
ness and poor cycling stability. [ 32–35 ]  To solve this conundrum, 
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  1.     Introduction 

 The continued miniaturization of wearable/portable electronics 
have made micro-power sources with compact, lightweight, and 
fl exible features a critical prerequisite. [ 1–3 ]  Of the various power 
source devices, thin-fi lm supercapacitors (SCs) are considered 
to be highly competitive candidates that can potentially be 
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hybridizing ultrathin LDH structures with conducting poly-
mers at a molecular level, so as to fully harvest the synergistic 
effect, could be an effective route to obtain satisfactory overall 
supercapacitive performance. 

 Herein, we develop a superlattice heterostructure com-
posed of CoNi-LDH monolayers and a commercial polymer 
PEDOT:PSS via the electrostatic self-assembly route. The ori-
ented and ordered organic–inorganic assembly with a molec-
ular-scale distribution of individual active species is shown to 
yield a largely improved capacitance and rate capability. From 
the structural perspective, an intimate and homogeneous inter-
facial bonding between the LDH monolayers and the interlayer 
PEDOT:PSS is essential for superior charge storage proper-
ties. The LDH monolayers provide a restricted microenviron-
ment for the accommodation of the conducting polymer with 
desirable spatial arrangement and doping level; while the 
PEDOT:PSS molecules serve as a multilayer conductive net-
work to facilitate the charge collection and transport. Moreover, 
the long-range periodic stacking affords a favorable ionic acces-
sibility to the inner surface of LDH active sites. This molecular-
scale design makes a key contribution to the promising overall 
performance of the thin-fi lm SC device with a compatible in-
plane confi guration.  

  2.     Results and Discussion 

  2.1.     Morphological and Structural Study on the CoNi-LDH/
PEDOT:PSS Assembly 

 CoNi-LDH monolayers and PEDOT:PSS were incorporated into 
a self-assembly system, serving as the positively and negatively 
charged building blocks, respectively (Figures S1,S2, Supporting 
Information). Based on the charge matching hypothesis (see 
Supporting Information for details), the CoNi-LDH/PEDOT:PSS 
hybrid structure was precisely fabricated via an electrostatic 
interaction, as displayed in  Scheme    1  . Cross-sectional scan-
ning electron microscope (SEM) images ( Figure    1  a,b) show 
the well-ordered and layer-shaped structure of the resulting 
LDH/PEDOT:PSS material, from which the observed ripples 
and corrugations refl ect the fl exibility. Transmission electron 

microscopy (TEM) observations with various magnifi cations 
also provide direct evidence for the formation of highly organ-
ized assembly (Figures  1 c–e and S3, Supporting Information). 
The clear lattice fringes along the  c -direction (Figure  1 e) as 
well as the corresponding symmetric diffraction spots of the 
fast Fourier transform (FFT) pattern (Figure  1 e, inset) indi-
cate a high-quality superlattice arrangement. A high-resolution 
TEM (HRTEM) image (Figure  1 f) reveals well-resolved light 
and dark contrast fringes with a different thickness, which can 
be attributed to alternating PEDOT:PSS molecular layers and 
LDH monolayers, respectively. The lamellar fringe is not com-
pletely parallel but slightly twisted in some areas, suggesting 
the intrinsic fl exibility of the CoNi-LDH/PEDOT:PSS hybrid 
material. 

   The XRD pattern (Figure  1 g) of the CoNi-LDH/PEDOT:PSS 
product illustrates multiple Bragg refl ections at 2 θ  = 4.7°, 9.4°, 
14.2°, and 19.0°, which can be attributed to the so-called super-
lattice refl ections of the repeating inorganic-organic hybrid. [ 27,29 ]  
These Bragg refl ections are equally spaced (00 l ) harmonic series 
with a periodicity of 1.88 nm, demonstrating an extremely good 
 c -oriented heterostacking. Allowing for a crystallographic thick-
ness of ≈0.48 nm for a single LDH monolayer, [ 26 ]  the interlayer 
height of PEDOT:PSS is evaluated as ≈1.40 nm. No other crys-
talline phase is detected, indicating the purity of CoNi-LDH/
PEDOT:PSS superlattice material. When the PEDOT:PSS con-
centration decreases in the synthesis process, then a CO 3  2− -
containing LDH phase, CoNi-LDH is observed in the XRD 
pattern (Figure S4, Supporting Information). A comparison 
sample of CoNi-LDH/PSS without PEDOT was also prepared 
by using the same method, with an estimated repeating dis-
tance of 1.47 nm (Figure S5, Supporting Information). A theo-
retical structural model for CoNi-LDH/PEDOT:PSS is shown 
in Figure  1 h. After 1000 ps of molecular dynamics simulation, 
the result displays a single-layer arrangement of PEDOT:PSS in 
the interlayer region of LDH monolayers. The simulated basal 
spacing along the  c -axis is 19 Å, which matches well with the 
XRD observation. Moreover, the binding energy between LDH 
monolayers and PEDOT:PSS is calculated to be 0.64 eV per 
EDOT, which is mainly composed of hydrogen bonding and 
coulomb forces (Figure S6, Supporting Information). The high-
angle annular dark-fi eld scanning transmission electron micro-

scopy (HAADF-STEM) image of CoNi-LDH/
PEDOT:PSS ( Figure    2  a) also exhibits the 
typical layered morphology. Elemental map-
ping profi les (Figure  2 b–d) correspond to the 
K-edge signals of Co, Ni, and S, respectively, 
in which a uniform elemental distribution is 
observed. This validates the intimate assem-
bling of LDH monolayers and PEDOT:PSS, 
which is further endorsed by SEM EDS 
results (Figure S7, Supporting Information). 

  The in-plane TEM image ( ab -plane) 
of CoNi-LDH/PEDOT:PSS displays the 
PEDOT:PSS immobilized in the LDH inter-
layer with an expanded-coiled/linear confor-
mation ( Figure    3  a), rather different from the 
coiled morphology of pristine PEDOT:PSS 
(Figure S2, Supporting Information). This 
verifi es that the confi ned gallery of LDH 
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 Scheme 1.    Schematic illustration for the assembly of CoNi-LDH monolayers and PEDOT:PSS.



FU
LL P

A
P
ER

2747wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

monolayers enables the reorientation of the polymer chain. It 
has been reported that the conformational change would favor 
the charge hopping and transport in the PEDOT chain. [ 36,37 ]  
XPS measurements were carried out to explore in more detail 
the interaction between LDH monolayers and PEDOT:PSS 
layer. The S2 p  core level spectrum of the pristine PEDOT:PSS 
shows two types of signature emission signals (pink line in 
Figure  3 b). The S2 p  emission ranging from 166 to 171 eV ena-
bles a deconvolution of the feature into two spin–split doublets: 
the pair at 168.8 and 170.2 eV associated with S atom in neutral 
PSSH and the couple at 168.4 and 169.6 eV corresponding to 
the ionic PSS-Na + . [ 38 ]  The binding energies at 164.1 and 165. 

  4 eV are attributed to the spin–split components of S atom 
in PEDOT. [ 39 ]  In the case of S2 p  spectrum for CoNi-LDH/
PEDOT:PSS (blue line in Figure  3 b), the intensity of PEDOT-
derived feature enhances dramatically upon the hybridization. 
The PEDOT-to-PSS ratio calculated by the integral peak areas 
signifi cantly increases from 0.314 to 1.12, implying the partial 
removal of PSS after the assembly. Moreover, the disappear-
ance of PSSH component demonstrates that the ionic PSS-Na +  
is dominant in the interlayer gallery of LDH monolayers, con-
sistent with the mechanism of electrostatic self-assembly. 

 Raman spectroscopy is a powerful technique for the study 
of conducting polymers, and so was employed to understand 
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 Figure 1.    a,b) Cross-sectional SEM, c–e) TEM images, and f) HRTEM image of the CoNi-LDH/PEDOT:PSS; g) XRD pattern of the CoNi-LDH/
PEDOT:PSS superlattice structure; h) side-view of the CoNi-LDH/PEDOT:PSS structure model.

 Figure 2.    a) Cross-sectional HADDF-STEM image and EDS mapping of 
the elements b) S, c) Co, and d) Ni for the CoNi-LDH/PEDOT:PSS hybrid 
structure.
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the hybridization at a molecular level. The Raman spectra 
of PEDOT:PSS and CoNi-LDH/PEDOT:PSS are shown in 
Figure  3 c,d; typical peaks are identifi ed in Table S1 and 
Figure S8 (Supporting Information). The most marked dif-
ference is observed in the region around the strongest band 
(1400−1470 cm −1 ), corresponding to the symmetric C α =C β  
stretching mode of the PEDOT thiophene ring. [ 36 ]  Two kinds 
of resonant structures of PEDOT, the benzoid and qui-
noid form, inherently determine the electronic property of 
PEDOT:PSS. [ 33,36,40 ]  The benzoid (insulating or semiconducting) 
form possesses a π-electron localized structure; while the quinoid 
(conducting) form holds a delocalized state of π-electrons. [ 33,34 ]  
The band (centered at 1439 cm −1 ) of pure PEDOT:PSS can be 
deconvoluted into two vibrations at 1447 and 1433 cm −1 , dem-
onstrating the a mixture of both benzoid and quinoid reso-
nant form (Figure  3 d). In contrast, the CoNi-LDH/PEDOT:PSS 
hybrid exhibits a narrower and more symmetrical band, which 
is fi t well by only the vibration at 1433 cm −1 . The disappearance 
of the shoulder peak at 1447 cm −1  reveals the infl uence of inor-
ganic–organic hybridization on the resonant structure of PEDOT 
chains: the benzoid form transforms into the quinoid form after 
the assembly, and the conducting form (quinoid form) becomes 
dominant in the CoNi-LDH/PEDOT:PSS hybrid. However, this 
change cannot be detected in the physical mixture sample of 
CoNi-LDH and PEDOT:PSS (Figure S9, Supporting Informa-
tion), verifying this specifi c interaction only occurs within the 
superlattice structure. The surface conductivity of CoNi-LDH/
PEDOT:PSS thin fi lm on glass substrate was measured via the 

four-point probe technique, giving a value of 125 S m –1 , much 
larger than that of pure PEDOT:PSS (30 S m –1 ) and CoNi-
LDH+PEDOT:PSS physical mixture (46 S m –1 ). As a result, an 
improved charge-carrier mobility is achieved along the  ab -plane 
of the superlattice CoNi-LDH/PEDOT:PSS.  

  2.2.     Electrochemical Performance of the CoNi-LDH/PEDOT:PSS 
Hybrid Electrode 

 The electrochemical behavior of CoNi-LDH/PEDOT:PSS hybrid 
electrode was studied by cyclic voltammetry (CV), galvanostatic 
charge–discharge (CD), and electrochemical impedance spec-
troscopy (EIS) tests using a three-electrode system.  Figure    4  a 
shows typical CV curves of the CoNi-LDH/PEDOT:PSS elec-
trode over the scan range 20−200 mV s –1 . Two pairs of well-
defi ned redox peaks during the anodic and cathodic sweeps are 
explicitly observed, related to the electron-transfer pseudoca-
pacitive processes of Co 2+ /Co 3+  (0.29 and 0.20 V) and Ni 2+ /Ni 3+  
(0.36 and 0.26 V) with the assistance of OH −  given below.

    Co(OH) + OH CoOOH + H O + e2 2↔− −
  (1) 

     Ni(OH) + OH NiOOH + H O + e2 2↔− −
  (2) 

    With an increase of the scan rate, the redox current 
peaks increase linearly, suggesting a surface-controlled 
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 Figure 3.    a) TEM image of PEDOT:PSS chains in the CoNi-LDH/PEDOT:PSS; b) XPS spectra and c) Raman spectra of CoNi-LDH/PEDOT:PSS and 
pristine PEDOT:PSS; d) corresponding deconvolution of the Raman spectra for CoNi-LDH/PEDOT:PSS and pristine PEDOT:PSS.
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electrochemical process and good pseudocapacitive behavior. 
Inspite of a slight shift of redox peaks, the CV shape shows 
small distortions even at a scan rate of 200 mV s –1 . 

 The CV curves of CoNi-LDH/PEDOT:PSS, CoNi-LDH/PSS, 
CoNi-LDH monolayers, and PEDOT:PSS electrode are shown 
in Figure  4 b. Both the CoNi-LDH monolayers and CoNi-LDH/
PSS display a pair of broad peaks, arising from bimetallic redox 
reactions of the LDH host layer. [ 29,42 ]  The as-obtained CoNi-
LDH/PEDOT:PSS possesses an improved capacitive behavior 
compared with CoNi-LDH/PSS, CoNi-LDH monolayers, and 
PEDOT:PSS. Specifi cally, the great enhancement of peak cur-
rent and the integrated area is indicative of its high capacitance, 
which can be ascribed to the superlattice hybrid structure. In 
addition, the CoNi-LDH/PEDOT:PSS displays both enhanced 
currents and depressed peak voltage difference, in comparison 
with the CoNi-LDH+PEDOT:PSS physical mixture (Figure S10, 

Supporting Information), further demonstrating the merit of 
the molecular-scale architecture. The electrochemical behavior 
of CoNi-LDH/PEDOT:PSS samples with various Co/Ni ratios 
were also investigated (Figure S11, Supporting Information). 
The integrated area expands with boosted gravimetric current 
density as Co/Ni ratio decreases (3:1 to 2:1), while a dramatic 
decay in current density is observed upon further decreasing 
the Co/Ni ratio. The sample of Co 2 Ni 1 -LDH/PEDOT:PSS shows 
the optimum electrochemical performance. 

 The CoNi-LDH/PEDOT:PSS electrode also exhibits dis-
tinct galvanostatic CD behavior, as shown in Figure  4 c. Unlike 
the isosceles triangle characteristic of electronic double-layer 
capacitor, the discharge curves of CoNi-LDH/PEDOT:PSS elec-
trode show a typical pseudocapacitive behavior, which agrees 
very well with CV results. The observed symmetrical response 
implies the high columbic effi ciency at all the current densities. 
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 Figure 4.    Electrochemical performances: a) CV curves of CoNi-LDH/PEDOT:PSS at various scan rates; b) CV curves of CoNi-LDH/PEDOT:PSS, CoNi-
LDH/PSS, CoNi-LDH monolayers and PEDOT:PSS; c) CD curves of CoNi-LDH/PEDOT:PSS at various current densities; d) CD curves of CoNi-LDH/
PEDOT:PSS, CoNi-LDH/PSS, CoNi-LDH monolayers and PEDOT:PSS; e) specifi c capacitance as a function of current density; f) Nyquist plots of CoNi-
LDH/PEDOT:PSS, CoNi-LDH/PSS, CoNi-LDH monolayers and CoNi-LDH+PEDOT:PSS physical mixture.
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Compared with other samples, the CoNi-LDH/PEDOT:PSS 
electrode exhibits a much higher specifi c capacitance (920 F g –1 ) 
and longer discharge time at the same current density of 3 A g –1  
(Figure  4 d), indicating the redox active LDH monolayers and the 
conducting polymer synergistically improve the capacitive per-
formance. Figure  4 e further illustrates the relationship between 
the specifi c capacitance and current density on the basis of the 
discharge curve. Within the whole current density range, the 
CoNi-LDH/PEDOT:PSS electrode produces the highest specifi c 
capacitance. At a high current density of 30 A g –1 , 83.7% of the 
capacitance (from 960 to 804 F g –1 ) is retained for the CoNi-
LDH/PEDOT:PSS, surpassing the other comparison electrodes 
as well as recently reported carbon-assisted Co–Ni nanostruc-
tured electrodes (e.g., hydroxide and sulfi de). [ 41–44 ]  

 To gain further insight into the advantages of the molec-
ular-scale hybrid structure, we employed EIS measurements 
(Figure  4 f). The Nyquist plots of CoNi-LDH monolayers and CoNi-
LDH+PEDOT:PSS physical mixture show a straight ≈45° sloped 
tail at low-frequency region, representative of the ion diffusion 
characteristic within the pores of the electrode. [ 9,45 ]  For the CoNi-
LDH/PSS electrode, an increased slope of the low-frequency tail is 
observed, which can be attributed to the additional ion-buffering 
reservoir provided by the extended interlayer space between LDH 
monolayers (1.00 nm). In the case of CoNi-LDH/PEDOT:PSS, 
further enlargement of the interlayer distance by PEDOT:PSS 
(1.40 nm) leads to a nearly vertical line as expected, as a result of 
the facilitated ion penetration and diffusion. In the high-frequency 
region, the real axis intercept is the equivalent series resistance 
(ESR), and the diameter of arc is indicative of the charge-transfer 
resistance ( R  ct ) in the electrode. [ 6,46 ]  The CoNi-LDH/PEDOT:PSS 
shows both less ESR and  R  ct  than the other comparison elec-
trodes, in-line with the conductivity enhancement by virtue of the 
PEDOT:PSS confi ned in the LDH interlayer. 

 The signifi cantly improved capacitive behavior of the CoNi-
LDH/PEDOT:PSS hybrid can be attributed to the architecture of 
the molecular-scale heterostructure. The LDH interlayer gallery 
provides a confi ned microenvironment for the accommodation 
of PEDOT:PSS with optimized spatial arrangement and doping 
level, which is refl ected by the transformation of resonant struc-
ture (benzoid form to quinoid form). The ultrathin CoNi-LDH 
monolayers, acting as 2D polycations with an electrophilic func-
tion, are supposed to draw the delocalized electrons from PEDOT. 
The π backbone of PEDOT experiences an effective p-type doping 
process (Figure S12, Supporting Information), giving rise to a con-
ducting state to offer in-plane charge-carrier highways. [ 33,34 ]  On 
the contrary, the extended interlayer distance (1.40 nm) enables an 
open network for the electrolyte (e.g., OH − ) collection and diffu-
sion throughout the ordered hybrid material. Our results demon-
strate the molecular-scale hybridization with alternating inorganic 
redoxable layer and organic conducting layer boosts charge-carrier 
and ion transport simultaneously, guaranteeing a suffi cient utili-
zation of active sites during the electrochemical process.  

  2.3.     In-Plane SC Device Based on the CoNi-LDH/PEDOT:PSS 
Thin Film 

 In order to integrate the as-synthesized CoNi-LDH/PEDOT:PSS 
hybrid material into large-scale compact thin fi lms, we adopt a 

vacuum-fi ltration approach through a nitrocellulose membrane 
and then transfer to various target substrates (Figure S13, Sup-
porting Information). The resulting CoNi-LDH/PEDOT:PSS 
thin fi lms are uniform, translucent and mechanically fl ex-
ible ( Figures    5  a and S13, Supporting Information). The  c -ori-
ented layered structure is preserved with tunable thickness, 
as observed in the cross-sectional SEM image (Figure S14, 
Supporting Information). To meet the demands of high-per-
formance energy storage, it is essential to increase the energy 
density of SCs, without sacrifi cing the device power density 
and cycle life. To demonstrate its application in the miniatur-
ized energy storage, we fabricated an all-solid-state SC based 
on the CoNi-LDH/PEDOT:PSS fi lm (positive) and reduced 
grapheme oxide (rGO) fi lm (negative) with an in-plane inter-
digital design (Figure  5 b). Compared with a symmetric design, 
the asymmetric SC confi guration takes advantage of largely 
increased device operating voltage and hence signifi cantly 
enhanced energy density. [ 5,7 ]  The rGO-based fi lm exhibits good 
electrical and mechanical properties, which meet the prereq-
uisites for thin-fi lm electronic devices. [ 29,47 ]  Typically, an array 
of parallel thin-fi lm strips was obtained as the working elec-
trodes on a polyethylene terephthalate (PET) substrate using 
PVA/KOH electrolyte without any binder or packaging mate-
rial. The mass ratio of the CoNi-LDH/PEDOT:PSS to rGO was 
controlled ≈0.48 based on the specifi c capacitance and potential 
range (Figure S15, Supporting Information). [ 7 ]  The microscopic 
planar confi guration provides the horizontal transport pathway 
for electrolyte ions, superlative for the CoNi-LDH/PEDOT:PSS 
hybrid material with well-defi ned 2D arrangement. [ 47 ]  

  Within a large voltage window of 1.2 V, CV curves of the SC 
device were acquired at various scan rates (Figure  5 c). Unlike 
the three-electrode electrochemical feature of CoNi-LDH/
PEDOT:PSS electrode, the resulting SC device displays a quasi-
rectangular CV geometry, revealing a nearly ideal capacitive 
behavior. The pronounced broad peaks at 1.0 (oxidation peak) 
and 0.7 V (reduction peak) arise from the redox reactions of 
LDH monolayers with the assistance of neighboring conduc-
tive PEDOT:PSS. Taking advantage of the effi cient in-plane 
charge transport, the peak voltage difference remains constant 
upon increasing scan rate up to 400 mV s –1 . As illustrated in 
Figure  5 d, all CD curves show a very rapid current response 
on the voltage reversal at each end potential. Accordingly, the 
as-fabricated in-plane SC based on the CoNi-LDH/PEDOT:PSS 
fi lm and rGO fi lm yields specifi c capacitances of 264, 251, 
243, 238, and 230 F g –1  at current densities of 2, 4, 8, 12, and 
20 A g –1 , respectively. In addition, compared with the traditional 
stacked-type geometry, the in-plane design allows for a full uti-
lization of electrochemically active species, achieving largely 
enhanced energy storage performances (Figures S16,S17, Sup-
porting Information). In the current density range investigated, 
the in-plane SC yields substantially higher capacitances than 
the stacked SC. At 20 A g –1 , the rate capability of stacked SC 
drops to 49% while the in-plane SC remains 82%. 

 The energy and power density, calculated from CD curves and 
plotted on the Ragone diagram (Figure  5 e), further evaluate the 
energy effi ciency of this SC device. Impressively, a high energy 
density of 46.1 Wh kg –1  at a power density of 11.9 kW kg –1  is 
delivered, which outperforms previously reported thin-fi lm SC 
systems such as MnO 2 /rGO, [ 17 ]  GO-doped in gel, [ 12 ]  aligned 
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CNT, [ 8 ]  and CNT/PEDOT:PSS. [ 45 ]  The maximum energy density 
of 56.2 Wh kg –1  is achieved in this work, which is two times 
higher than that of lead acid batteries (25−35 Wh kg –1 ) and 
nearly one order of magnitude higher than those of commercial 
activated carbon-based SCs (4−5 Wh kg –1 ). [ 48,49 ]  The SC device 
was further subjected to mechanical bending and cycling tests. 
After bending 400 times at 90°, the device retains more than 
96% of its initial capacitance at 12 A g –1  (Figure  5 f). Under 
bending angles of 90° and 120°, 93% and 90% of its initial 
capacitance are retained after 1000 cycles (inset of Figure  5 f), 
demonstrating the high fl exibility and stability desirable for 
thin-fi lm electronics. SEM analysis was further performed on 
the used fi lm electrode after 1000 cycles under 90° bending 
(Figure S18, Supporting Information). No obvious change is 
observed both in the fi lm surface and fi lm-substrate interface 
morphology, indicating excellent adherence of electrochemi-
cally active material to the substrate. The coulombic effi ciency 
increases gradually from 68.1% for the fi rst cycle to 83.3% for 
the 500th cycle (Figure S19, Supporting Information), as a 
result of the self-activation process. [ 2 ]  In addition, the rather low 
IR drop (0.028 V) observed in Figure S19 (Supporting Informa-
tion) implies a small intrinsic series resistance inside the SC 
device. To further demonstrate the application of this thin-fi lm 
SC for electronic and optoelectronic devices, a fully charged 
thin-fi lm SC was used to power an UV photodetector based on 
TiO 2  nanowire arrays grown on a fl uorine-doped tin oxide (FTO) 
glass ( Figure    6  a). Driven by the thin-fi lm SC, the photodetector 
delivers a steady and prompt response upon UV light irradia-
tion (254 nm), as shown in Figure  6 b. Further improvements in 

the patterned confi guration (e.g., the size of electrode, the space 
between electrodes) and the conductivity of electrolytes (e.g., the 
addition of ionic liquids), are expected to allow higher power 
and energy characteristics for this thin-fi lm SC. 

     3.     Conclusion 

 In summary, a facile assembly of PEDOT:PSS with CoNi-LDH 
monolayers was developed for SC applications. Two counter-
part building blocks were proved to sandwich each other in 
alternating sequence on a molecular scale, as in the experi-
mental observation. The existence of LDH monolayer leads 
to a resonant and conformational change of PEDOT chains, 
allowing the high charge-carrier mobility. In this homogeneous 
hybrid confi guration, CoNi-LDH monolayers play the role of 
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 Figure 5.    a) Optical photographs of the CoNi-LDH/PEDOT:PSS thin fi lm on a transparent and fl exible polyethylene terephthalate (PET) substrate (inset: 
corresponding SEM image); b) schematic illustration of the fl exible in-plane SC device based on interdigital CoNi-LDH/PEDOT:PSS thin fi lm and rGO 
thin fi lm (inset: demonstration of the fl exibility); c) CV curves of the device at various scan rates; d) CD curves of the device at various current densities; 
e) Ragone plots of the in-plane SC device; f) cycling performance at a current density of 12 A g –1  before and after bending to 90° for 400 times (inset: 
capacitance retention under 90° and 120° bending angles during 1000 cycles).

 Figure 6.    a) Schematic illustration of the UV photodetector based on 
the TiO 2  nanowire array driven by an in-plane SC (inset: SEM image of 
the TiO 2  nanowire array); b) current response of the photodetector upon 
intermittent UV irradiation.
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electrochemically active species while sandwiched PEDOT:PSS 
layers enable effective charge transport and electrode integ-
rity, thus endowing the hybrid electrode with high capacity, 
high rate-capability and excellent cycling stability. An in-plane 
SC device with 2D transport pathways for electrolyte ions was 
further fabricated, which is rather suitable for the  c -oriented 
layered arrangement of hybrid structure. The combination of 
CoNi-LDH/PEDOT:PSS thin fi lm and a compatible planar 
design leads to superior energy storage performances: high 
energy and power density, satisfactory cycling stability and fl ex-
ibility. From a practical standpoint, such a 2D molecular-scale 
strategy can be easily adapted to various structural designs for 
energy storage and conversion devices such as lithium-ion bat-
teries, water splitting cells, and photodetectors.  

  4.     Experimental Section 
  Preparation of LDH Precursors : Briefl y, 5.0 × 10 −3   M  of CoCl 2 ·6H 2 O, 

2.5 × 10 −3   M  of NiCl 2 ·6H 2 O (a total concentration of 7.5 × 10 −3   M ) 
and 45 × 10 −3   M  of hexamethylenetetramine (HMT) were dissolved in 
1000 mL three-neck fl ask with deionized Milli-Q water. The resulting 
solution was refl uxed for 6 h under nitrogen protection and continuous 
stirring. The pink brucite precipitate (CoNi-hydroxide) was obtained by 
fi ltration, washed with deionized water and anhydrous ethanol in turn, 
and dried at room temperature. Subsequently, the CoNi-hydroxide 
phase (0.186 g) was dispersed in 100 mL of anhydrous acetonitrile 
(99.8%) containing 7.0 mmol of bromine. The mixture was sealed in 
an airtight capped fl ask and stirred for 24 h. The dark brown product, 
identifi ed as Br −  intercalated CoNi-LDH phase, was collected by fi ltration 
and washed thoroughly with anhydrous ethanol. To prepare the nitrate 
intercalated CoNi-LDH, as-prepared 0.25 g CoNi-Br − -LDH powder was 
further added into a fl ask containing 0.3 mol of NaNO 3  into 200 mL of 
ethanol/water binary liquid (1:1, v/v). The fl ask was mechanically shaken 
at room temperature in nitrogen atmosphere for 48 h. The product was 
fi ltered, washed with anhydrous ethanol, and air-dried. The exfoliation 
was performed as follows: a 0.05 g of CoNi-NO 3  − -LDH was dispersed in 
100 mL of formamide in a fl ask sealed in nitrogen atmosphere, and then 
agitated in a mechanical shaker for 60 h, giving a colloidal suspension. 
The resulting translucent colloidal solution was further centrifugated to 
remove possible unexfoliated LDH particles. 

  Self-Assembly of the CoNi-LDH Monolayers and PEDOT:PSS : Based on 
the calculation of charge density of both LDH and PEDOT:PSS, a volume 
ratio of 32 between pristine CoNi-LDH monolayers and PEDOT:PSS 
solution was determined to meet the charge matching hypothesis. First, 
PEDOT:PSS suspension (1.56 mL) was diluted in formamide (15 mL) 
under constant stirring, followed by pouring into a colloidal solution of 
CoNi-LDH monolayers (50 mL). After stirring for 12 h accompanied in 
nitrogen atmosphere, the dark precipitate was centrifuged at 9000 rpm, 
and washed by deionized Milli-Q water. Finally, the obtained CoNi-LDH/
PEDOT:PSS sample was preserved in water. 

  Fabrication of the CoNi-LDH/PEDOT:PSS Thin fi lm and In-Plane 
SC Device : The SC device (area: 2 cm × 6 cm) was fabricated by a 
mechanical shaping process modifi ed from the previously reported 
method. [ 17,46 ]  The CoNi-LDH/PEDOT:PSS thin fi lm was prepared by 
fi ltering the CoNi-LDH/PEDOT:PSS suspension through a nitrocellulose 
membrane (0.22 µm in pore size). The CoNi-LDH/PEDOT:PSS thin 
fi lm obtained by vacuum fi ltration was rolled with a glass rod onto 
various substrates, e.g., fl exible polyethylene terephthalate (PET) and 
rigid glass, followed by tightly pressing for 24 h and peeling off the 
membrane. A series of blades as the mold were stacked side by side 
accurately for shaping slim strips of the CoNi-LDH/PEDOT:PSS thin 
fi lm (the positive electrodes for the SC). For the negative electrodes, 
the rGO fi lm was fabricated by the same method. The mass of the thin 
fi lms can be facilely controlled by changing the volume of CoNi-LDH/

PEDOT:PSS or rGO suspension in the vacuum-fi ltration step. The mass 
loading of electrode was further confi rmed by the mass difference 
between the as-prepared electrode and blank substrate. Two columns 
of Au charge collectors were deposited on the two ends of the substrate 
for the integration of the primary individual units into a typical in-planar 
SC device. The compact in-plane SC device was fi nally established after 
coated with solid-state electrolyte of PVA/KOH onto the CoNi-LDH/
PEDOT:PSS and rGO strip-shaped electrodes. 

  Fabrication of the UV Photodetector : Vertical TiO 2  nanowire 
arrays were grown on FTO substrates by the reported hydrothermal 
method. [ 50 ]  The UV detector was then prepared by coating the 
conducting Ag paste pad on top of the TiO 2  nanorod arrays. The 
backside illumination was adopted and the illuminated area under UV 
light (20 W) was ≈6 cm 2 . 

  Material Characterization : The sample morphology was investigated 
using a scanning electron microscope (SEM; Zeiss SUPRA 55) with 
an accelerating voltage of 20 kV, combined with energy dispersive 
X-ray spectroscopy (EDS). The CoNi-LDH/PEDOT:PSS samples were 
embedded in resin followed by aging at 60 °C for 48 h and sectioned 
by ultramicrotome for cross-sectional TEM studies. TEM images were 
recorded with a JEOL JEM-3010. High-resolution TEM (HRTEM) and 
high-angle annular dark-fi eld scanning TEM (HAADF-STEM) images 
were collected on an FEI Tecnai G2 F20 S-Twin working at 200 kV. 
The relative energy-dispersive X-ray spectrometry (EDS) elemental 
mapping and line scan in the STEM were operated with a probe 
focused to 0.2 nm and camera length of 20 cm. X-ray diffraction (XRD) 
patterns were recorded by a Rigaku XRD-6000 diffractometer, using 
Cu–K α  radiation (0.15418 nm) at 40 kV, 30 mA. X-ray photoelectron 
spectroscopy (XPS) measurements were performed using an ESCALAB 
250 instrument (Thermo Electron) with Al Kα radiation. Raman 
measurements were carried out with 633 nm of excitation by using a 
confocal Raman microspectrometer (Renishaw, inVia-Refl ex, 633 nm). A 
µAutolab II (Metrohm-Autolab, Netherlands) was employed for all the 
electrochemical measurements. For the three-electrode confi guration, 
a silver/silver chloride (Ag/AgCl) electrode and a platinum plate serve 
as the reference and counter electrode, respectively. The CoNi-LDH/
PEDOT:PSS thin fi lm was transferred onto indium tin oxide (ITO) 
substrates as the working electrode in 1  M  KOH aqueous solution. The 
EIS measurement was performed by applying an AC voltage with 5 mV 
amplitude in a frequency range 0.01−100 kHz. The specifi c capacitance 
was calculated from the charge-discharge curves based on the following 
equation

    
sC

I t
m V

= × Δ
× Δ   

(3)
 

 where  C  s  (F g –1 ) is the specifi c capacitance;  I  (A) refers to the discharge 
current; Δ V  (V) represents the potential change within the discharge time 
Δ t  (s), and  m  (g) corresponds to the total weight of the electrochemically 
active material. Energy density and power density of the SC device were 
calculated using the following equations

    
C

I t
M V

= × Δ
× Δ   

(4)
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P

E
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 where  C  (F g –1 ) is the capacitance of the SC device;  I  (A) represents 
the discharge current; Δ V  (V) refers to the potential change within 
the discharge time Δ t  (s);  M  (g) is the mass loading of electrode;  E  
(Wh kg –1 ) and  P  (kW/kg –1 ) correspond to the energy density and power 
density, respectively.  
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