ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

Hybrid Microsupercapacitors with Vertically Scaled
3D Current Collectors Fabricated using a Simple

Cut-and-Transfer Strategy

Qiu Jiang, Narendra Kurra, Chuan Xia, and Husam N. Alshareef*

On-chip energy storage devices, including thin film batteries
and microsupercapacitors, are being developed as micropower
(u-power) units for portable electronic devices, self-powered
systems, and internet-of-things applications.!!. However, thin
film and 3D microbatteries often suffer from poor rate perfor-
mance and cycle life. In comparison, microsupercapacitors have
shown promise as micropower sources with high power den-
sity, fast charge—discharge rates, and long cycle life, but often
with limited energy density. The trade-off between the energy
and power densities can be improved by proper selection of
electrode materials, current collector design, and device config-
uration. In that respect, coplanar hybrid microsupercapacitors
with vertically scaled, 3D porous current collectors may be a key
strategy in enhancing areal energy and power densities.

Conventional microfabrication techniques have been widely
employed in fabricating various state-of-the-art carbon based
microsupercapacitors.>?l Further, pseudocapacitive materials
such as metal oxides/hydroxides,* sulfides,’! and conducting
polymers(® were used in enhancing the capacity and energy
density of on-chip electrochemical devices. In practice, key elec-
trochemical performance metrics of on-chip energy storage rely
on the energy and power density in a given footprint area.l!
However, microsupercapacitors fabricated by conventional
photolithography often suffer from limited mass loadings of
active materials in a given footprint area (<0.1 mg cm™2). One
of the approaches is to deposit thicker electrode films to achieve
higher areal energy density, but thicker electrodes may suffer
from poor mechanical stability, poor adhesion, and high resis-
tivity, which could impede the electron/ion transport, resulting
in mediocre power performance of the device.

The technological trend to achieve high areal performance
is to transition from 2D to 3D architecture, where an optimal
mass loading of active material can be achieved in a given foot-
print area. For instance, silicon-based microelectromechanical
systems (MEMS) technology was employed in fabricating var-
ious 3D microsupercapacitors. Further, 3D arrays of Si (30 pm
thick) and SU-8 (100 pm thick) were fabricated as scaffolds for
increasing loading of active materials compared to 2D collector
counterparts.”) However, thicker coatings (50-150 pm) of
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MnO, and activated carbons employing binders and conductive
additives, which are electrochemically inactive, often have poor
electrochemical performance due to limited diffusion kinetics
of electrolyte ions. In the case of thick block of electrode mate-
rials, electrolyte permeability is hindered and charge extraction
becomes inefficient, which limits the final electrochemical per-
formance of such devices. Therefore, compared to planar cur-
rent collectors, ultrathick current collectors such as Ni foam or
carbon fiber cloth are the best choice in terms of direct growth
of electroactive materials by various methods on 3D collectors.
This is because their intrinsic macroporous nature helps maxi-
mize active material loading, while providing easy access to the
electrolyte ions, leading to faster reaction kinetics and hence
improved electrochemical performance. For example, Ni foam
has been extensively used in direct growth of metal oxides and
sulfides by hydrothermal method®? resulting in excellent spe-
cific capacity values. However, there are no reports on fabrica-
tion of coplanar electrochemical devices (e.g., microsupercapac-
itors) based on Ni foam patterned collectors. Since Ni foam is
bulky (thickness of 500-1200 um) with porous texture, it is not
amenable to patterning by conventional photolithography.

Here, we propose a new strategy for patterning macroscopic
ultrathick 3D current collectors in the form of interdigitated
electrodes by laser machining. A robust and simple approach
was developed to pattern 3D current collectors as frameworks
for maximum electroactive material loading with optimal
electrochemical performance in a given footprint area. This
platform can be used to evaluate various active materials in
coplanar hybrid (asymmetric) configuration, which is typically
more difficult to fabricate in comparison to symmetric configu-
ration. As a proof of concept, a hybrid device is demonstrated,
employing Faradaic NiCo,S, as a positive electrode material
and electrochemical double-layer carbon nanofiber (CNF) as
a negative electrode, both of which were directly grown on Ni
foam interdigital electrodes by hydrothermal and chemical
vapor deposition methods, respectively. We have demonstrated
the fabrication of the hybrid coplanar device with remarkable
areal capacity in a given footprint area with high operating
voltage window in aqueous and gel electrolytes. Indeed, this
hybrid prototype device exhibits superior energy density of
200 pWh cm™ compared to state-of-the-art microsupercapaci-
tors (1-40 pWh cm™), with higher power density when com-
pared to thin-film batteries and microbatteries at comparable
energy density.

Laser engraving is a direct patterning method, involving nei-
ther photoresists nor complicated multistep processing. Thanks
to the energetic laser beam which has the ability to cut the
metals locally, desired object shapes for many applications can
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Figure 1. Schematic illustrating fabrication of the hybrid devices. a) Laser machining of ultrathick nickel foam in the form of interdigitated designs.
b) Ni foam 3D interdigital current collectors. c) NiCo,S, and CNF are separately grown on individual interdigitated 3D Ni-foam collectors. d) Hybrid
device with positive NiCo,S, and negative CNF is transferred to a glass substrate using a thin PDMS layer.

be carved out. For instance, simple laser-cut interdigitated elec-
trodes could constitute coplanar architecture of a capacitive ele-
ment. As shown in Figure 1a, laser machining was employed to
create interdigitated electrode patterns out of ultrathick nickel
foam (NF). The laser-based technique is found to be a versatile
approach since it can be employed to pattern bulk current col-
lectors such as carbon cloth and Ni foam in a single step and
direct manner (see Figure S1 in the Supporting Information).
Detailed geometric parameters of the collector design are listed
in Table S1 in the Supporting Information. The honeycomb-
type structure with associated macroporosity of the Ni foam is
beneficial to achieve maximum loading of the active materials
in a binder-free manner. The crosslinked honeycomb-type mor-
phology of Ni foam is illustrated in the inset of Figure 1b. Ni
foam has been extensively used to grow various classes of mate-
rials ranging from carbon nanotubes,['% graphenel'l grown by
chemical vapor deposition and metal oxides,®? sulfides,!314
selenides,[”! grown by hydrothermal synthesis. Most of these
studies have focused on three-electrode measurements to esti-
mate the specific capacitance of the deposited electrode mate-
rials. However, for practical applications, two-electrode stack
or coplanar configuration is more relevant. Here, a novel
strategy of using direct-laser cutting is proposed to fabricate
co-planar electrode architectures of Ni foam electrodes. Laser
engraving was employed to cut through the Ni foam of various
thicknesses (500, 700, or 1200 pum). No photoresist is used in
this single-step process. This technique is fast, cost-effective,
scalable, and has been successfully used in our laboratory to
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produce interdigitated 3D current collectors. The intrinsic
macroporosity and high electronic conductivity of the Ni foam
makes it an ideal 3D framework for optimal mass loading of
electroactive materials. The robustness of the Ni metal current
collectors allows depositing various carbon based or pseudo-
capacitive materials at various temperatures, pressure, and
chemical conditions. For instance, as Ni foam can sustain
a wide range of temperatures (from room temperature up to
1000 °C), and chemical environments for growth of a plethora
of materials, it could make an ideal platform for fabricating
coplanar 3D microsupercapacitors. After laser machining, the
obtained NF collector fingers were placed in a teflon-lined auto-
clave for hydrothermal synthesis to grow nickel cobalt sulfide
(NiCo,Sy) directly, while carbon nanofiber was grown directly
on the other NF collector fingers by chemical vapor deposition
(CVD) (see Figure 1c). These separate interdigital electrodes
were transferred onto a glass substrate by a bottom polydi-
methylsiloxane (PDMS) layer while applying mild pressure for
firm contact, resulting in hybrid coplanar supercapacitor device
as shown in Figure 1d. Therefore, this technique can be used
for patterning macroscopic ultrathick current collectors into
coplanar energy storage devices.

Ternary nickel cobalt sulfide nanotubes were directly grown
on Ni foam in a two-step hydrothermal method to avoid the
use of binder and conductive additives which have no contri-
bution to the overall capacitance,!’®l while ensuring better elec-
trical contact between active material and the current collector
for facile electron transport. The crystalline nature of NiCo,S,
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Figure 2. a) Typical XRD pattern and b) Raman spectrum of the NiCo,S, nanotubes directly grown on Ni foam. c) Low and d) high magnification SEM
images of the NiCo,S, nanotubes. e—f) TEM images of the NiCo,S, nanotubes, inset of (f) shows the corresponding SAED pattern.

was investigated by X-ray diffraction (XRD) and the diffrac-
tion pattern is shown in Figure 2a. The two strongest peaks at
44.5° and 51.8° are assigned to the diffraction from the (111)
and (220) planes of Ni foam substrate. All remaining peaks at
26 values of 31.6°, 55.3°, 38.3°, 50.5°, 26.8°, and 47.4° are very
well matched to the nanostructured cubic type NiCo,S, (JCPDS
20-0782), without any secondary phases. The relative intensi-
ties of NiCo,S, peaks are seen quite low because the under-
lying Ni foam diffracts significantly. Raman spectrum was
recorded under Ar atmosphere to avoid laser induced oxidation
of sulfides in the presence of air.l'”] As shown in Figure 2b, the
peak at 378 cm™! can be ascribed to the stretching of sulfur
atom toward the tetrahedral site Ni atom, while the character-
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istic peak at 248 cm™' can be assigned to the bending vibra-
tion of S—Ni—S bonds, matching with previous reports.!'”) The
remaining three peaks at 150, 302, and 349 cm™! can be attrib-
uted to the asymmetric bending of the S—Ni—S bonds. Energy-
dispersive X-ray (EDX) and X-ray photoelectron spectroscopy
(XPS) analysis presented in Figures S2 and S3 in the Supporting
Information are consistent with the above results. Figure 2c
shows the typical low-magnification field emission scanning
electron microscopy (FESEM) image of as-grown NiCo,S, on
Ni foam. The NiCo,S, layer appears to be fairly uniform while
retaining the macroscopic conformal coating over the entire Ni
foam. At higher magnification, hollow nanotube morphology
of NiCo,S, is observed, as shown in Figure 2d. Typical length
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and diameter of the nanotubes are estimated to be 1 £ 0.5 pm
and 100 £ 50 nm, respectively. The growth process and struc-
ture of our nanostructured NiCo,S, on Ni foam is similar to
the process reported by Ma et al. recently.'"¥! The formation of
hollow tube morphology can be explained by kirkendall effect
that has been widely employed to create interior voids in metal
sulfides. This can be explained as follows. Released S~ ions
react with metal ions to form a thin layer of NiCo,S, on the
surface of metal carbonate hydroxide nanowires, and that thin
layer acts as a physical barrier to prevent the direct reaction
between the external S?~ with inner metal carbonate hydroxide.
Accordingly, further reaction is controlled largely by the diffu-
sion of metal ions or S2~ through this thin NiCo,S, layer. Since
the rate of outward diffusion of the small metal ions is much
greater than the rate of inward diffusion of the bulky S~ ions,
further sulfurization is mostly confined to the outer surface of
the NiCo,S, layer, creating hollow structure.['31°] These hollow
structures can increase the electrode surface area while facili-
tating the electrolyte penetration. The TEM image shown in
Figure 2e further confirms the morphology of the NiCo,S, tube
structure. The lattice plane spacings are calculated to be 2.6
and 3.2 nm from high-resolution transmission electron micros-
copy (HRTEM) in Figure 2f, which correspond to the (220) and
(222) planes of Linnaeite phase.??! Different orientations of
the fringes reveal the polycrystalline nature of the material,['”]
which is further confirmed by the selected area electron diffrac-
tion (SAED) pattern shown in the inset of Figure 2f.
Electrochemical properties of individual NiCo,S,/NF and
CNF/NF components were studied in the positive and nega-
tive potential windows in a three-electrode configuration using
1 M potassium hydroxide (KOH) aqueous electrolyte. We have
investigated the role of thickness of Ni foam and mass loading
of NiCo, S, in optimizing its specific capacity. Initially, Ni foams
with three different thicknesses of 500, 700, and 1200 pm
(denoted as NF-500, NF-700, and NF-1200, with the same areal
mass density of nickel) were chosen in order to study the ver-
tical (thickness) scaling effect. To have a fair comparison, mass
loadings of NiCo,S, were maintained constant at 2.5 mg cm™
for these three NF thicknesses (the mass loading can be con-
trolled by the concentration of the reacted precursor solution).
As shown in Figure 3a, areal capacities were calculated from
galvanostatic discharge curves (see Figure S5 in the Sup-
porting Information) and are plotted for different values of Ni
foam thicknesses. Areal capacity as much as 550 pA h cm™
(corresponding gravimetric capacity of 220 mA h g™!) is achieved
at a current density of 7 mA cm™ for NiCo,S,/NF-1200 at a
mass loading of 2.5 mg cm™. The estimated areal capacitance
of 4000 mF cm™2 (potential window, 0.8 V) is found to be better
than the best reported value of 3700 mF cm™ for RuO,/3D
gold current collector.?!] As expected, when the thickness of Ni
foam decreases, the areal capacity is reduced even for similar
mass loading of NiCo,S,. This could be due to the fact that at a
given mass loading, the effective growth thickness of NiCo,S,
might be lower on NF-1200 as compared to NF-500. Further,
for a given thickness of NF (for example, NF-1200), the mass
loading was controlled to obtain maximum specific capacity.
At this stage, it is also important to estimate the contribution
from the bare NF itself which should be subtracted from the
total capacity shown by NiCo,S,/NF. It was found that NF
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contribution is only 5% (total specific capacity of NiCo,S,/NF
is 550 pA h cm~2 while NF shows capacity of 30 pA h cm™2, see
Figure S6 in the Supporting Information), which is negligible
when compared to overall capacity.

NF-1200 was chosen to estimate the areal capacity with
respect to mass loading. As shown in Figure 3b, areal capaci-
ties for different mass loadings of 1.8, 2.5, 3.2, and 5.4 mg cm™2
were compared. At a current density of 7 mA cm™2, as the mass
loading is increased from 1.8 to 2.5 mg cm™2, areal capacity
is also increasing from 330 to 550 pA h cm™. When mass
loading is further increased, a reduction in areal capacity was
observed, which could be explained by the increased ionic/
electronic resistance of thicker films. Thus, maximum areal
capacity is achieved when mass loading of the active material
is =2.5 mg cm~2. The increased/decreased specific capacity with
mass loadings can originate from changes in the nanostructure
and conductivity of the active material (see Figure S7 in the
Supporting Information). The larger surface area increases the
number of electroactive sites where electrochemical reactions
can take place, and increases wettability and permeability of the
electrolyte. Similar effect of mass loading has also been reported
for porous MnO, electrode.?”l The corresponding converted
gravimetric capacity also showed a similar trend with increasing
mass loading (Figure S7 and S8, Supporting Information).

Typical CVs of the NiCo,S,/NF-1200 (mass loading of
2.5 mg cm™) are shown in Figure 3¢, where two pairs of redox
peaks are observed. These peaks can be attributed to the revers-
ible Faradaic reactions of Co**/Co**/Co* and Ni**/Ni** in
aqueous alkaline solution. The first pair of redox peaks at lower
potentials (0.33 V) can be explained by the following reactions

CoS+OH <> CoSOH+e¢~

CoSOH+OH™ <> CoSO+H,0+¢”

while the second pair of peaks at 0.38 V can be attributed to the
redox reaction of Ni?*/Ni**,

NiS+OH™ <> NiSOH +¢”

At higher scan rates, shifts in the redox potentials toward
more positive/negative potentials were observed, which is
caused by diffusion limitations associated with the redox
processes.

To gain more insight into the charge storage mechanism of
NiCo,S,, sweep analysis was done to quantify the capacity con-
tribution from capacitive and diffusion-controlled processes.
The total current as a function of potential can be expressed
as a sum of diffusion controlled Faradaic processes and double
layer capacitive currents, as shown by the following equation

i(V) = ko+k'? 1)
where v is the scan rate (mV s7!), k;v and k,v!/? represent the
currents from surface capacitance contribution and the diffu-
sion-controlled Faradaic process, respectively.?3l Equation (1)

can also be rearranged to

i(V)/0'? =k v +k, (2)

Adv. Energy Mater. 2017, 7, 1601257
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Figure 3. a) Areal specific capacity versus thicknesses of 3D Ni foam measured at 7 mA cm™2in 1 v KOH aqueous electrolyte. b) Areal specific capacity
versus mass loading for the NF-1200. c) Typical CV curves of NiCo,S,/NF (mass loading 2.5 mg cm=2, 3D Ni Foam thickness is 1200 ym). d) Diffusion
controlled charge storage contribution is shown as shaded area of CV curve at 10 mV s™' (solid line). e) Anodic and corresponding cathodic peak cur-
rent densities (presented in (c)) versus the square root of scan rate. f) Galvanostatic discharge curves at various current densities.

So K; and k, can be derived from the linear plot from
i(V)/v"? versus v'/? with different scan rates from Figure 3c.
Relative capacitive and Faradaic contributions are estimated
to be 70% and 30%, respectively (see Figure 3d). It was also
observed that the peak current varies linearly with the square
root of the scan rate (Figure 3e), which again confirms the dif-
fusion limited nature of the redox reaction.l**]

Galvanostatic discharge curves of NiCo,S,/NF at different
current densities are shown in Figure 3f. Clear potential pla-
teaus present at around 0.25 V confirm the Faradaic process,
matching well with the potentials corresponding to the redox
peaks observed in the CV curves. The NiCo,S,/NF electrodes
deliver a specific capacity of 640 pA h cm™ (specific gravi-
metric capacity of 256 mA h g7!) at 5 mA cm™ (2 A g') and
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retain specific capacity of 435 pA h cm™ (174 mA h g!) at
15 mA cm™ (6 A g™!) with capacity retention of 70%. The good
rate capabilities can be attributed to the electrically conductive
nature of NiCo,S, itself!’”] and the rational design of nanostruc-
tured materials grown directly on the current collector. It is pos-
sible that the 3D nanostructured hollow nanotube morphology
shortens the ion diffusion path for mass transport and at the
same time gives access to more active sites since no binder
was used. It is also likely that the direct contact between the
NiCo,S, nanotubes and NF reduces the interfacial impedance
and thus contributes to fast electron transportation with short-
ened ion diffusion pathways.

Carbon nanofibers were grown directly on Ni foam by
CVD, and they were then employed as the negative electrode
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Figure 4. a) SEM and TEM (inset) images of the carbon nanofibers (CNFs) grown on interdigitated Nickel foam collector. b) Cyclic voltammograms;
c) deconvolution of charge storage contributions of CNF from capacitive component at a scan rate of 10 mV s7'. d) Galvanostatic charge-discharge

profiles of CNF/NF in 1 m KOH.

because of their 1D conductivity, efficient ion diffusion
pathways(*’l and easy control of mass loading. The SEM image
in Figure 4a shows the compact coating of the randomly ori-
ented CNF on Ni foam. A low-magnification TEM image of the
carbon nanofibers is shown in the inset of Figure 4a, where
rope-like morphology with very thin hollow core and catalyst
particle inside, is observed. The structural aspects of CNF were
further investigated by Raman spectroscopy (Figure S10, Sup-
porting Information). The two strongest peaks appear around
1350 (FWHM 115 cm™) and 1580 cm™ (Full width at half
maximum (FWHM) 80 cm™) are assigned to the D and G
bands of CNF, respectively. A small peak at 2700 cm™ corre-
sponds to 2D band which is a signature for the c-axis periodicity
of graphene layers of CNF. The ratio of the intensity of D and G
bands, Ip/I¢ is found to be 1.1. The mean sp? crystallite size (L,)
is estimated to be ~11 nm by using the formulal?°)

G

L, (nm)=(2.4x107"") 2* G—"] G)

where A is the laser excitation wavelength in nm.

As shown in Figure 4b, CVs of CNF grown on Ni foam show
no obvious Faradaic current, indicating electrochemical double
layer behavior. No obvious hydrogen evolution is observed
until a potential of —1 V, indicating that the CNF/NF behaves
as a negative electrode. From Equation (2), we conclude that
the main contribution of the capacitance (80%) is attributed
to the fast surface reactions (Figure 4c). The galvanostatic
charge/discharge curves in Figure 4d show typical symmetric
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triangular-shape curves, which are due to the electrochemical
double layer adsorption of electrolyte ions. The Ohmic drop is
small even at a high current density of 40 mA cm™ implying
good electrical conductivity of CNF electrodes.!?”]

Charge on the positive and negative electrodes was balanced
by adjusting the mass loading of CNFs on the negative elec-
trode and the corresponding charge balance chart is shown in
Table S2 in the Supporting Information. Hybrid devices were
assembled by gluing the two well-defined comb electrodes
onto the glass substrate having a thin layer of PDMS under an
optical microscope. As shown in Figure 5a, CVs of the hybrid
devices show no obvious oxygen evolution (no sudden rise in
the current at higher potentials). Even when the voltage window
is extended up to 1.6 V, the shape of the CVs shows typical redox
behavior, indicating the dominating Faradaic behavior of the
hybrid supercapacitors. To investigate the charge storage mech-
anism in the hybrid device, diffusion controlled and capacitive
currents are separately extracted from the CV curve at a scan
rate of 10 mV s71, as shown in Figure 5b. It is estimated that
56% of the total current comes from diffusion controlled pro-
cesses, while the remaining 44% come from capacitive type
processes. This analysis clearly shows that the hybrid device
possesses characteristics of both EDLC and Faradaic compo-
nents, which is further confirmed by the quasi-voltage plateaus
shown in the galvanostatic discharge curves (Figure 5d). This
type of behavior may be referred to as aqueous battery behavior;
however, the fast response of the hybrid device even at a
higher scan rate of 50 mV st qualifies it as a capacitive device.
Figure 5¢ shows the CVs of positive and negative electrodes in

Adv. Energy Mater. 2017, 7, 1601257
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Figure 5. Electrochemical performance of NiCo,S,//CNF device. a) Cyclic voltammograms of the NiCo,S,//CNF hybrid device, inset shows the device
attached to the polyimide sheet. b) Voltammetric response at 10 mV s™'. Solid line represents total current from experiment, diffusion controlled cur-
rent (red shaded region), and capacitive current (green shaded region) are derived from (a). c) CVs of NiCo,S,/NF, CNF/NF electrodes, and NiCo,S,//
CNF device at a scan rate of 10 mV s™'. d) Galvanostatic discharge curves at different current densities of the NiCo,S,//CNF device, inset shows series
connected devices were able to glow a LED. e) Cycling stability and Coulombic efficiency of the hybrid device over 10 000 cycles in 1 M KOH electrolyte.
f) Ragone plot showing the areal energy and power densities of commercial thin-film batteries, state-of-the-art microbatteries, and microsupercapaci-
tors compared to the hybrid microsupercapacitor fabricated in this study.

the complementary potential windows, along with the resultant
hybrid device with extended voltage operation (up to 1.6 V). In
three-electrode measurement, CV curves of individual NiCo,S,/
NF electrode show two pronounced redox peaks within the
potential window of 0-0.5 V, which clearly shows the Faradaic
nature of the positive electrode as described earlier. While CV
curves of the individual CNF/NF electrode mainly exhibit a
quasi-rectangular shape in the negative potential window of
-1 to 0V, clearly showing electric double layer behavior. Thus,
our hybrid device has combined the Faradaic and double layer
electrodes to increase the operating voltage of the aqueous elec-
trolyte in order to achieve higher energy and power densities of
the hybrid supercapacitor. Broad redox peaks are observed in
the CV curves of the hybrid supercapacitor (2-electrode configu-
ration). The inset of Figure 5d shows that two series connected
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tandem devices are capable of glowing a green LED (a few sec-
onds charging is enough in glowing LED for a minute). The
device delivers a capacity of 240 pA h cm™ at 5 mA cm™ and
retains 190 pA h cm™2 at 15 mA cm™2, indicating good rate per-
formance (79%). A capacity of 240 pA h cm™ at 5 mA cm™ can
be retained even after deep cycling at 15 mA cm™2, which shows
good cycling performance (see Figure S11 in the Supporting
Information). Long-term cycling tests were performed in 1 m
KOH electrolyte at high current density of 40 mA cm™ over
10 000 cycles (Figure 5e), which indicate that 89% of the ini-
tial discharge capacity was retained. The improved cycling per-
formance of the device compared with NiCo,S,/NF (67% after
10 000 cycles, see Figure S9 in the Supporting Information)
can be attributed to the introduction of EDLC type negative
electrode material. Electrochemical performance of our hybrid
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device is compared with other state-of-the-art energy storage
devices as shown in the Ragone plot in Figure 5f. Our device
shows an energy density of 200 p®Wh cm™2 at a power density of
4.4 mW cm™?; at high power density of 45 mW cm™, excellent
energy density of 49 pWh cm™ can still be maintained. These
energy densities are superior to advanced microsupercapaci-
tors,[328] Ni—Zn?!l micro-batteries (3 pWh cm™), and is compa-
rable to commercial thin-film batteries (350 pWh cm=2)2! and
Ni—SnP! microbatteries (230 pWh cm™2), while high power
density can be delivered. To demonstrate a practical applica-
tion, electrochemical performance of the solid-state device (with
gel electrolyte) is also tested (see Figure S12 in the supporting
information).

It is worth mentioning a few merits of this study. A new
paradigm of direct patterning of ultrathick (3D) macroporous
current collectors is demonstrated as a promising strategy
for enhanced areal performance of coplanar electrochemical
devices. Direct growth of electroactive materials at higher mass
loadings (>1 mg cm™) while providing easy access to electro-
lyte ions paves the way to achieving better electrochemical
performance of the devices. It has to be noted that the reso-
lution of the laser patterning technique should not be com-
pared with the sophisticated microfabrication techniques such
as lithography and nanoimprinting. There is a trade-off that
often exists between resolution and simplicity. As we are pat-
terning ultrathick (up to 1200 pm thick) macroporous Ni foam
substrate, resolution is expected to be lower than lithography
methods. Therefore, though we sacrificed electrode spacing at
the expense of higher mass loading of active materials with an
asymmetric design to widen the operating voltage window of
the supercapacitor, ultimately excellent energy and power densi-
ties were achieved. Having said this, the large electrode spacing
could negatively impact the diffusion of ions during the charge/
discharge process.?”) However, we envision that by automating
the placement of the current collectors on substrates, one could
have Dbetter control over finger spacing than in our manual,
proof-of-concept approach.

In summary, a direct-write strategy has been proposed for
fabricating wultrathick (3D) coplanar hybrid supercapacitors.
The key aspect of this study lies in the increase of active mate-
rial mass in a given area by exploiting the third dimension of
the energy storage device. The proposed “cut-and-transfer”
method, while manually cumbersome, can be automated to
scale down the size and to meet the required voltage/power rat-
ings. Using this approach, we have demonstrated hybrid micro-
supercapacitors with high areal energy density (200 ptWh cm™?)
and excellent cycling stability (capacity retention of 89% after
10 000 cycles). The high areal energy density may meet the
demand of on-chip storage for the next generation of integrated
microsystems.

Experimental Section

Experimental Materials: Chemicals were used as received without
further purification. Analytical grade cobalt(ll) nitrate (Co(NO3),-6H,0),
nickel(Il) nitrate (Ni(NO3),-6H,0), and urea (NH,CONH,) were
purchased from Sigma-Aldrich. Sodium sulfide nanohydrate
(Na,S-9H,0) was purchased from Acros Organics. Elastomer and curing
agent of PDMS (base/curing agent, Sylgard 184, Dow Corning) were
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purchased from Dow. Porous Ni foams (areal mass density of 320 g m~2,
thicknesses of 500, 700, and 1200 um) were purchased from Shanghai
Tools Co., Ltd.

Fabrication of Interdigitated 3D Ni Patterns: Briefly, Ni foam (NF)
of various thicknesses was first sonicated in 1 m hydrochloric acid for
10 min to dissolve away the surface oxide layer and then thoroughly
washed with deionized (DI) water followed by drying off with nitrogen
gas. CO, Universal Laser cutter System (model: Professional laser
system PLS6.75, wavelength of 10.6 pm) was used to fabricate interdigital
3D Ni patterns by direct laser engraving. The averaged focused beam
size is around 120 pm. Laser power was set to 75 W at a scan rate of
0.2 cm s7! and pulse per inch was always set to 1000 to avoid serrated
or perforated-looking edge. After the whole cutting process, total area
of the interdigital device is around 2.3 cm?. All these experiments were
carried out at room temperature with compressed air flow.

Synthesis of NiCo,S, on Ni Foam: All reagents in the experiment are
of analytical grade. Briefly, 12.5 x 10 M Ni(NO;),-6H,0, 25 x 103 m
Co(NO;)26H,0, and 50 x 1073 m urea were mixed in 80 mL DI water
to form a pink color solution, that was then transferred to teflon-lined
autoclave with a piece of nickel foam comb electrode and was kept at
120 °C for 6 h to grow NiCo,(CO3%7),5(OH"); precursor on Ni foam.
After cooling down to the room temperature, Ni foam was taken out and
sonicated in DI water for T min in order to remove residual solid particles
from the surface. Then, NiCo,(CO;%7); 5(OH")3 precursor was chemically
converted in-situ into NiCo,S, by a facile hydrothermal process. 0.2 g
Na,S-9H,0 was dissolved in 40 mL water and transferred together with
NiCo,(CO3%7)y.5(OH"); precursor coated Ni foam to teflon-lined stainless
steel autoclave, followed by heating to 160 °C for 12 h. After heating, final
product was washed with DI water and dried in vacuum at 60 °C. Thus
obtained NiCo,S, has a typical mass loading of 2.5 mg cm™2 on 1200 ym
Ni foam, which can be controlled based on the precursor concentration.

Growth of CNF on Ni Foam: First, freshly patterned Ni foam was
cleaned by sonication in acetone, isopropanol, and deionized water.
Then, Ni foam was taken out and annealed in air at 500 °C for 2 h,
the annealing process can roughen the Ni surface and thus prevents
planar carbon layer formation. After annealing, it was cooled down and
transferred to quartz tube and kept in 700 °C for 15 min under Ar/H, flow
(Ar 50 sccm, H, 40 scem) to reform metallic nickel from nickel oxide.
Ar flow was stopped followed by introducing ethylene gas (20 sccm)
into the quartz tube to grow CNF at same temperature for 2h. Upon
completion of growth process, the furnace was cooled down to room
temperature under Ar flow. Before testing electrochemical performance
of CNF/NF in the aqueous electrolyte, it was treated with nonthermal
O, plasma under 700 mTorr pressure (power 45 W) for 3 min to ensure
proper wettability with aqueous electrolytes.

Fabrication of the Hybrid Device: Briefly, a mixture of PDMS elastomer
and curing agent (mass ratio 10:1) was thoroughly mixed followed by
degassing air bubbles under vacuum for 1 h at room temperature. Glass
slides of 1.5 cm x 2 cm size (Fisher) were cleaned with a soap solution to
remove the dirt followed by sonication in acetone, isopropanol, and DI
water sequentially for 5 min each and then dried by blowing nitrogen (N,)
gas. A simple rod coating technique was used in order to spread a thin
film of PDMS on the glass before placement of NiCo,S,/NF and CNF/
NF comb electrodes to define the coplanar hybrid microsupercapacitor
structure. Since NiCo,S, is Faradaic type (positive electrode), while CNF
being double layer type (negative), we refer to this device as NiCo,S,//CNF
hybrid supercapacitor. Coplanar hybrid supercapacitors get nicely bonded
to the glass by curing PDMS layer at 80 °C for 30 min. The electrochemical
measurements for the device were carried out by dipping the device in the
electrolyte while predesigned pads were used for connection.

Preparation of Polyvinylalcohol (PVA)/KOH Electrolyte: Approximately
4 g of PVA was weighed and transferred into a 100 mL beaker
containing 30 mL of deionized water. The mixture was heated at 85 °C
with constant stirring until a transparent solution of PVA was obtained.
This was subsequently cooled to room temperature. Approximately,
2.24 g KOH was dissolved in 10 mL H,0O and was then added to the
PVA solution and stirred gently for 24 h to obtain homogeneous PVA/
KOH solution.
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Solid-State Device Assembly: Shortly, gel electrolyte was carefully drop
casted onto the coplanar device, then the device was left for slow drying
at room temperature (25 °C) to form solid films. Since our device is
thick, the drop casting process was repeated several times to ensure full
coverage of the electrolyte.

Material Characterization: XRD patterns were collected by a Bruker
diffractometer (D8 Advance) with Cu Ke radiation, 2 = 1.5406 A. The
morphology and microstructure of the samples were characterized by
SEM (Nova Nano 630, FEI), HRTEM (Titan 80-300 kV), and EDX column
is equipped with the SEM. For TEM images, NiCo,S, and CNF powders
were mechanically scratched off from Ni foam for characterization.
XPS analysis was carried out using Kratos Axis Ultra DLD spectrometer
equipped with a monochromatic Al Ko X-ray source (hv = 1486.6 eV)
operating at 150 W, a multichannel plate and delay line detector under
a vacuum of =107 mbar. The high-resolution spectra were collected at
fixed analyzer pass energy of 20 eV. Raman spectroscopy measurements
were carried out on the powder samples using a micro-Raman
spectrometer (LabRAM ARAMIS, Horiba-Jobin Yvon) with notch filters
cutting at 100 cm™ using a Cobalt laser (473 nm, 5 mW at source)
under Ar atmosphere.

Electrochemical Characterization: The electrochemical tests (cyclic
voltammetry, galvanostatic charge-discharge, electrochemical cycling
stability) were conducted at room temperature using a VMP3
electrochemical workstation (Bio-Logic, France). KOH of 1 m was used
as the electrolyte for all electrochemical tests. The electrochemical
impedance spectroscopy was measured using a Modulab (Solartron
Analytical) electrochemical workstation in the frequency range from
100 kHz to 0.01 Hz at open circuit potential by applying a small
sinusoidal potential of 10 mV signal. For three-electrode measurement,
NiCo,S4;/NF or CNF/NF were employed as working electrode with
platinum and Ag/AgCl as counter and reference electrodes, respectively.
Positive electrode was tested in the potential window of 0-0.5 V while
negative electrode was tested in the negative window of 0 to —1 V.
Finally, hybrid capacitor design comprising NiCo,S,;/NF//CNF/NF was
tested in both 1 m KOH and PVA/KOH gel electrolyte in two-electrode
configuration.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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