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ABSTRACT: A flexible three-dimensional (3-D) nano-
porous NiF2-dominant layer on poly(ethylene terephtha-
late) has been developed. The nanoporous layer itself can
be freestanding without adding any supporting carbon
materials or conducting polymers. By assembling the
nanoporous layer into two-electrode symmetric devices,
the inorganic material delivers battery-like thin-film
supercapacitive performance with a maximum capacitance
of 66 mF cm−2 (733 F cm−3 or 358 F g−1), energy density
of 384 Wh kg−1, and power density of 112 kW kg−1.
Flexibility and cyclability tests show that the nanoporous
layer maintains its high performance under long-term
cycling and different bending conditions. The fabrication
of the 3-D nanoporous NiF2 flexible electrode could be
easily scaled.

Advances in soft portable electronic devices (PEDs), such
as roll-up touch screen displays, artificial electronic skin, e-

paper, and wearable systems for both personal and military
uses, require the development of flexible energy devices.1,2

Flexible supercapacitors or electrochemical capacitors (ECs)
can be based on non-faradaic electrostatic adsorption, such as in
electric double-layer capacitors (EDLCs) on carbon materials.
Or their behavior can be based upon faradaic redox reactions
such as in pseudocapacitors made from transition metal oxides.
These flexible EC devices are displaying an increasing role in
portable energy storage devices due to their fast dynamic
responses, long-term cyclability, and integrated advantages over
conventional capacitors (for high power) and batteries (for
high energy).3,4 From a practical viewpoint, for use in PEDs, it
is necessary to achieve high capacitance within a limited area or
volume, since PEDs are small in size.5 Hence, areal capacitance
(CA) and volumetric capacitance (CV), rather than the
conventionally used gravimetric capacitance,6 are better
indications of the performance. Conducting polymers such as
polyaniline and various carbon-based materials, including
carbon nanotubes (CNTs), reduced graphene oxide (rGO),
and carbon fibers, deliver low CA and CV due to their low
densities (less than 2 g cm−3), although they have high
flexibility.7,8

The poor mechanical flexibility of inorganic metal com-
pounds with high CA and CV, having the general formula MX
(X = O, N, or F), has been improved by forming hybrid
composites using conducting polymers or carbon-based
materials as the matrix, or by manufacturing the materials
into nanostructures.9−12 Three-dimensional (3-D) nanoporous
structures hold promise due to their good flexibility and high

surface area. The nanopores lead to enhancement of the
performance of the ECs by facilitating ion transport and
creating more-active reaction sites.13,14 Here we present a
technique to fabricate 3-D nanoporous NiF2-dominant flexible
thin-film energy storage devices. The fabricated thin-film can be
freestanding, without support from other carbon materials and
conducting polymers. The technique is scalable for possible
mass production and could be extended to fabricate free-
standing all-solid-state electrodes. The technique also has the
potential to be applied to fabricate other 3-D metal nanoporous
materials. NiF2 was used in this study due to the large operation
potential window of metal fluorides and the possibility to
convert NiF2 to Ni(OH)2 under certain electrochemical
conditions (see the Supporting Information (SI)), which
would produce an extremely high theoretical capacitance of
2082 F g−1.15

To fabricate flexible devices based on nanoporous NiF2-
dominant thin-film electrodes for supercapacitor applications,
nickel was electrodeposited on Au/Cr/poly(ethylene tereph-
thalate) (PET) substrates (Figure 1a). Anodization was then
used to electrochemically etch the deposited nickel to form a 3-
D nanoporous structure. The as-prepared 3-D nanoporous
layer (NPL) on the substrate showed good flexibility (Figure
1b) due to the enhanced mechanical properties conveyed by
the nanoporous structure.16 The NPL became freestanding
after removal of the substrate (Figure 1c). The fabricated thin
film with the NPL had a thickness of ∼900 nm and an average
pore size ∼5 nm, as confirmed by scanning electron microscopy
(SEM) observation from different viewing directions: cross-
sectional (Figures 1d and S1a,b), top (Figure 1e), and bottom
(Figure 1f). The NPL with an average pore size of ∼5 nm was
also observed by transmission electron microscopy (TEM,
Figures 1g and S1c,d). The identified d-spacing from high-
resolution TEM (HRTEM) was ∼0.32 nm, which corresponds
to the NiF2 (110) plane, as indicated by the lattice fringes
(Figure 1g).17 To investigate the porous structure of the NPL,
Brunauer−Emmett−Teller (BET) analysis by adsorption/
desorption of nitrogen gas was performed. The data were
used to determine the Barrett−Joyner−Halenda (BJH) pore
size. Nanoscale pores distributed mainly in a range from 2 to 10
nm were observed (Figure S2). Furthermore, X-ray photo-
electron spectroscopy (XPS) analysis (Figure S3) also confirms
that the as-prepared NPL is mainly composed of Ni and F. The
Ni 2p spectrum indicates Ni is mostly bound to F to form NiF2.
The detected O 1s and C 1s spectra are from the adsorbed
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moisture and CO2 from the atmosphere (for details, see the
SI).
To discover reasonable EC testing conditions for the flexible

NPL in two-electrode symmetric devices, different potential
windows (Figure S4) and compositions of solid electrolytes
(Table S1 and Figures S5−S9) were screened (for details, see
the SI). The optimum solid electrolyte composition for the
NPL was found to be KOH in poly(vinyl alcohol) (PVA,
molecular weight of ∼50 000) with weight ratio ∼1:1. The
operating potential windows were set within −0.8 to 0.8 V
(narrow potential window, NPW) and −1.4 to 1.4 V (wide
potential window, WPW).
For testing in a NPW, a NPL can only behave as an EDLC

by electrostatic adsorption in the 3-D nanoporous structure.
However, operating in a WPW, the window is sufficient to
trigger an electrochemical conversion from NiF2 to Ni(OH)2 at
∼1−1.2 V, depending on the scan rate. It is interesting that the
NPL shows a typical EDLC behavior that is a quasi-rectangular
shape in the cyclic voltammograms (CVs) even at high scan
rates of 100 V s−1 (Figures 2a and S10a). The data establish
that the nanoporous structure of the NPL is responsible for the
electrostatic adsorption effect during testing and the high
electric conductivity of the devices mitigates the polarization

effect during CV testing, even at high scan rates up to 100 V
s−1. By fitting a log(anodic peak current)−log(scan rate) plot
(Figure 2b), a b-value of 0.85 was obtained, which indicates that
a surface-controlled electrode process (for capacitive, b = 1)
dominates in the device (see the SI). The quasi-triangle shape
in galvanostatic discharge/charge (GDC) curves (Figures 2c
and S10b) also indicates the EDLC behavior of the NPL. The
CA/CV (based on the size of the NPL) calculated from CVs
(Figure S10c) can reach up to 0.5 mF cm−2 (5.6 F cm−3 or 2.7
F g−1) at a scan rate of 50 mV s−1, whereas CA/CV calculated
from the GDC curve (Figure 2c) is 0.29 mF cm−2 (3.2 F cm−3

or 1.57 F g−1) at 0.1 mA cm−2 (0.54 A g−1). To convert NiF2 to
Ni(OH)2, an activation process is initiated by cyclic
voltammetry within a WPW (see the SI and Figure S11). It
is clear from the CVs (Figures 2d and S12a,b) that a pair of
redox peaks at anodic (0.19 V) and cathodic (−0.19 V) sweeps
appears after activation. The widening potential difference
(ΔV) between the anodic and cathodic peaks with increased
scan rates indicates that a diffusion-controlled process
dominates the electrode reactions. b = 0.64, obtained after
fitting (Figure 2e), also indicates that a diffusion-controlled
process (b = 0.5) dominates the electrode reactions.
Furthermore, a pair of battery-like plateaus at 0.2/−0.2 V
were found from GDC curves (Figures 2f and S12c), which
originated from anion (OH−) intercalation and the reversible
reactions between Ni(II) and Ni(III), Ni(OH)2 + OH− ⇆
NiOOH + H2O + e−. The energy storage mechanism of the
fabricated devices is similar to that of a Ni−Cd battery.18 The
CA/CV calculated from the CVs (Figure S12d) and GDC curves
are 75 mF cm−2 (833 F cm−3 or 407 F g−1) at scan rate of 50
mV s−1 and 66 mF cm−2 (733 F cm−3 or 358 F g−1) at 1 mA
cm−2 (5.4 A g−1, Figure 2f), which is significantly higher than

Figure 1. Structure of the 3-D nanoporous layer (NPL) and electrode
schematic. (a) Schematic of the flexible NPL on Au (∼40 nm)/Cr
(∼10 nm)/PET substrate (∼35 μm). The figure on the right is only
half of the final embodiment. Atop the solid electrolyte layer is another
nanoporous layer, then Au/Cr, and finally PET to complete the
sandwich structure. More specifically, there is one solid electrolyte
layer separating two halves of nanoporous layer, Au/Cr, and PET. The
entire sandwich shown at left is ∼170 μm thick. (b) Photograph of
flexible electrode under bending. (c) The freestanding NPL after
removal of the substrate. (d−f) SEM images taken from different
viewing directions: cross section, top, and bottom, respectively. (g)
HRTEM image of the NPL.

Figure 2. Electrochemical capacitor (EC) performances of the NPL in
two-electrode symmetric devices within different potential windows:
(a−c) NPW (−0.8 to 0.8 V) and (d−f) WPW (−1.4 to 1.4 V). (a)
CVs of the NPL at different scan rates from 10 to 100 V s−1. (b)
Log(anodic peak current) vs log(scan rate) plot. (c) Galvanostatic
discharge/charge (GDC) curves of the NPL at a current density of 0.1
mA cm−2. (d) CVs of the NPL at 10 (black line) and 20 (red line) mV
s−1. (e) Log(anodic peak current) vs log(scan rate) plot. (f) GDC
curves of the NPL at current density of 1 mA cm−2.
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those found in flexible electrodes made with carbonaceous
materials such as graphene/polyaniline composite (135 F cm−3

at 2 mV s−1),19 CNTs (less than 16 F cm−3 at 1 mV s−1),20 and
carbide-derived carbon materials (up to 90 F cm−3 at 1 mA
cm−2).21

Furthermore, electrochemical impedance spectroscopy (EIS)
was used to investigate the kinetic processes of the electrode
reactions in the flexible devices. Nyquist plots (Figure 3a) for

the NPL measured at the open-circuit potential (OCP)
illustrate an equivalent series resistance (ESR, the intersection
with the real axis) of ∼2.8 Ω, which indicates a high ionic
conductivity of the solid electrolyte and low interface resistance
between the NPL and solid electrolyte. The capacitance
response frequency for the flexible device at a phase angle of
−45° (ϕ45) was found to be 800 Hz from the Bode plot (Figure
3b), which is equivalent to a relaxation time constant (τ0) of
∼1.25 ms. This indicates that pseudocapacitive behavior and

stored energy are accessible at frequencies below 800 Hz. At 2
Hz, the phase angle for the device is ∼−82°, which is close to
ideal capacitive behavior (−90°). Moreover, τ0 calculated from
the plot of frequency-dependent imaginary capacitance (C″) is
consistent with that calculated from the Bode plot, i.e., 1.25 ms
(Figure 3c). It is appealing that the value τ0 ≈ 1.25 ms obtained
in this work is much lower than those found in most recently
published reports, for example, graphene (33 ms),4 carbon-
onions (26 ms),3 and MnOx/Au multilayers (4.7 ms).22 For
comparison, the Ragone plot (Figure 3d) was plotted in power
density (P) vs energy density (E) for the NPL tested in both
the NPW (−0.8 to 0.8 V) and WPW (−1.4 to 1.4 V). The
maximum P and E tested in the NPW are 8 kW kg−1 and 0.6
Wh kg−1, respectively. The values increase to 112 kW kg−1 and
384 Wh kg−1, respectively, when being tested in a WPW.
Compared to flexible EC devices based on EDLCs such as
CNTs,23 the NPL delivers better specific power and energy
density in the NPW, whereas the NPL shows much higher
power supply performance in WPWs than that of pseudoca-
pacitors recently published24 (for detailed EC performance
comparison with some state-of-the-art thin-film or flexible
supercapacitors, see Table S2). From a practical view, the EC
performance of a flexible device is better measured when it is
connected both in tandem and in parallel. It is clear that
doubled operation potential windows and GDC durations are
obtained from the devices tested within both NPW (Figure 3e)
and WPW (Figure 3f) in tandem and in parallel connections,
respectively. To characterize the cyclability of the devices, 10
000 GDC cycles (Figure 3g) were performed within both a
NPW (at 1 mA cm−2 or 5.4 A g−1) and a WPW (at 2 mA cm−2

or 10.8 A g−1). It is interesting that the capacitance increased to
220% during the initial 900 cycles in a NPW, which probably
indicates a gradual increase in electrochemically active surface
area or surface passivation. After 900 cycles, the capacitance
gradually decreased and finally stabilized at 150% after 10 000
cycles, which is still higher than the initial capacitance. Similarly,
when being tested within the WPW, the devices increased to
105% for the initial 300 cycles and then decreased and
stabilized at 76% retention after 10 000 cycles. This indicates
that the delivered capacitance based on both EDLCs (NPW)
and faradaic reactions (WPW) can maintain over 75% of the
initial value over long-term testing, which is promising for
practical applications. A more important feature is that, after 10
000 cycles of testing, the NPL still maintained its nanoporous
structure (Figure S13), and no decay of the layer was observed.
Moreover, after cyclability testing, the ESR increased to only
3.8 Ω (Figure S14), which indicates that the EC testing did not
significantly change the solid electrolyte/NPL interface.
The effect of bending on the EC performance was also

measured on the NPL-based devices (Figure 4a,b). The
delivered capacitance is influenced by the bending angles in a
nonlinear fashion (Figures 4c and S15). At bending angles of
90° and 120°, the capacitance increased to 125% and 117%,
while the capacitance retention was 80% at the 180° bending
angle. In addition, flexibility tests were carried out by bending a
device to 180°, 1000 times. The capacitance (Figure 4d)
showed a quick drop after the initial few bending cycles, and it
was then maintained at 76% capacitance retention. Finally,
complementary NPLs based on Fe and Co were prepared using
the same fabrication technique (Figure S16). This underscores
the generality of the anodization approach.
In summary, a 3-D nanoporous NiF2-dominant thin-film

grown on PET shows good flexibility and can even be

Figure 3. EC performance of the NPL. (a) Nyquist plot of the device
tested at the open-circuit potential within the frequency range from
10−2 to 104 Hz. The inset shows the enlarged plot in the high-
frequency region. (b) Bode plot. (c) Real (C′) and imaginary (C″)
portions of complex capacitance. (d) Ragone plot. (e,f) GDC curves of
a single device and two devices connected in series and in parallel,
tested in NPW and WPW, respectively. (g) 10 000 cycle GDC testing
within both a NPW (black) and a WPW (red).
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freestanding. The thin-film NPL delivers exacting super-
capacitive performance, with a maximum capacitance of 0.29
mF cm−2 (3.2 F cm−3 or 1.57 F g−1), energy density of 0.6 Wh
kg−1, and power density of 8 kW kg−1 from electrostatic
adsorption, and a maximum capacitance of 66 mF cm−2 (733 F
cm−3 or 358 F g−1), energy density of 384 Wh kg−1, and power
density of 112 kW kg−1 from faradaic reactions. Flexibility and
cyclability tests show that the nanoporous layer maintains its
high performance, which is an important advance in flexible
devices. The designed approach has the potential of being
applied to the fabrication of other metal NPLs.
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Figure 4. Flexibility tests on the NPL-based EC devices. (a)
Photograph of the flexible EC device while bent. (b) Schematic
representation of the definition of bending angle. (c) Dependence of
capacitance retention on bending angle. (d) Dependence of
capacitance retention on bending cycles to 180° bending angle. The
inset shows GDC curves recorded before and after bending for 500
and 1000 cycles.
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