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ABSTRACT: Miniaturization of energy storage devices can
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significantly decrease the overall size of electronic systems. However, " «,g 11(())-2}%33%;@%,1& workLaser scribed
this miniaturization is limited by the reduction of electrode “ 3] 1 dopene
dimensions and the reproducible transfer of small electrolyte drops. = £10 413 S s o
This paper reports first a simple scalable direct writing method for ‘%‘ 1077 3D/graphene so
the production of ultraminiature microsupercapacitor (MSC) $ 1071 ke sC
electrodes, based on femtosecond laser reduced graphene oxide = 10 ' e
(fsrGO) interlaced pads. These pads, separated by 2 ym spacing, are g g S
100 pm long and 8 ym wide. A second stage involves the accurate Q\% 0 , capacitor
transfer of an electrolyte microdroplet on top of each individual N
electrode, which can avoid any interference of the electrolyte with Q\«Os“}z 1"8-1 160 1(')1 1(')2

N N

other electronic components. Abundant in-plane mesopores in fsrGO
induced by a fs laser together with ultrashort interelectrode spacing
enables MSCs to exhibit a high specific capacitance (6.3 mF cm™> and
105 F cm™) and ~100% retention after 1000 cycles. An all graphene resistor—capacitor (RC) filter is also constructed by
combining the MSC and a fsrGO resistor, which is confirmed to exhibit highly enhanced performance characteristics. This new
hybrid technique combining fs laser direct writing and precise microdroplet transfer easily enables scalable production of
ultraminiature MSCs, which is believed to be significant for practical application of micro-supercapacitor microelectronic systems.

Power density (W cm)

KEYWORDS: graphene, micro-supercapacitors, laser direct writing, mesopores, microdroplet

B INTRODUCTION

This device structure is superior because of the ability to
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The continued demand for the miniaturization of electronic
devices used as implantable biosensors,'* microrobots,”™’
micro-electromechanical systems (MEMS),*”'" and portable
and wearable personal electronics'"'* is driven by the need for
enhanced functionality, speed of operation, and reliability. It
has been found, however, that most of the weight and volume
in such devices arise from the incorporation of conventional
integrated energy storage units. These components limit the
miniaturization of the overall system,' resulting in an increased
demand for rechargeable energy storage devices with enhanced
performance that are small enough to be encapsulated in
micro/nano electronic devices. The miniaturization of power
sources remains challenging because the performance of energy
storage components does not scale well with a reduction in size.
These components are also not compatible with on-chip
integrated processing. 1316

Among these energy storage devices, micro-supercapacitors
(MSCs) have now emerged as a family of micro energy storage
devices combining high power density, fast charge/discharge
rates, long service life, and fully planar platform geometry.'”~"”
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control and shorten electron/ion diffusion paths
ease of on-chip encapsulation together with other micro-
electronic systems, which is vital for miniature microdevices
and nanodevices."”'® To date, most refinements in the
performance of MSCs have focused on electrode material
engineering to increase energy density and charge/discharge
rate combined with flexibility.”' > Few studies have focused on
the compact encapsulation and miniaturization of MSCs <100
pum®”*® as it is hindered by’® (1) decreasing electrode
dimensions while maintaining overall performance and (2)
accurate transfer of liquid/gel electrolyte drops to interlaced
electrode patterns without interference with other electronic
components in microsystems. In this context, Meng et al”’
have reported 720 ym all-solid-state MSCs with 3D micro-
integration capability, and Lobo et al.”® have reported the
formation of electrodes (40 ym long and 1 pm interelectrode

Received: September 22, 2017
Accepted: January 22, 2018
Published: January 22, 2018

DOI: 10.1021/acsami.7b14410
ACS Appl. Mater. Interfaces 2018, 10, 5404—5412


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.7b14410
http://dx.doi.org/10.1021/acsami.7b14410

ACS Applied Materials & Interfaces

Research Article

a
“:>

5

Electrolyte

<

Glass

Figure 1. Fabrication process for integrated MSCs on a GO film using fs laser processing. (a) Si wafer with a SiO, layer is coated with a GO film
followed by direct writing with fs laser radiation to produce interlaced rGO microelectrodes. The microelectrolyte droplet is transferred on top of the
interlaced microelectrodes using the fsSLIFT technique. (b, c) Interlaced rGO electrode arrays maintain high resolution with a spacing of ~2 ym
between individual fingers. (d) Microelectrolyte droplets exactly cover the electrode array. (e) MSC after transfer of the electrolyte and (f) after

being left overnight at room temperature to remove extra water.

spacing) in graphene oxide (GO) using a focused ion beam
(FIB) together with drop-casting of an electrolyte gel. Although
FIB reduced GO (FIB-rGO) electrodes was ultraminiature, the
electrolyte drops assumed to precisely cover the electrodes
were too small (40 ym with a volume of ~30 pL) to be drop-
cast without contaminating other functional electronic
components. A feasible transfer technique needs to be
developed to deposit electrolyte drops precisely on micro-
electrodes to produce ultraminiature MSCs for incorporation
and encapsulation in ultracompact micro/nanoelectronic
systems.

Femtosecond laser-induced forward transfer (fsLIFT) is a
well-studied methodology for deposition of various materials
such as inks,”” metals,*® and silicon®" with very high resolution.
fsLIFT is a single-step direct printing technique that can be
used for the deposition of nanoscale and microscale
components. A high-power fs laser beam, ti%htly focused on
the target, results in a narrow jet of liquid.””*" This is an ideal
method for the transfer of electrolyte microdroplets for
engineering of MSCs.

In this paper, we report a simple scalable direct writing
method for the production of ultraminiature micro-super-
capacitor (MSC) electrodes, based on fs laser reduced graphene
oxide (fsrGO) interlaced pads separated by 2 um spacing.
Following this procedure, a microdroplet electrolyte gel is then
accurately transferred on single individual fsrGO electrodes
using the fsLIFT technique. The precise cover avoids any
interference of the electrolyte with other electronic compo-
nents. The results show that the abundant in-plane mesopores
in reduced GO (rGO) induced by the fs laser together with the
ultrashort interelectrode spacing leads to a large electro-
chemical capacitance and enhanced power/energy density. An
all-graphene micro resistor—capacitor (RC) filter constructed
by combining a fsrGO resistor and an as-prepared MSC having
precise cover of electrolyte is found to exhibit much higher
filter efficiency than that seen in another RC filter that has a
MSC covered by a large uncontrollable electrolyte drop which
easily contaminates the fsrGO resistor nearby. The enhanced
performance characteristics of this all graphene microdevice
approve the priority and irreplaceability of fsLIFT for
application of ultraminiature micro-supercapacitor in micro-
devices. This new hybrid technique combining fs laser direct
writing technology and accurate microdroplet transfer is
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believed to innovatively provide a practical route to decrease
the overall size of microelectronic systems.

Bl RESULTS AND DISCUSSION

Figure la illustrates the fabrication process of MSCs on a
silicon oxide wafer. A thin GO film is first coated on silicon
oxide by drop-casting a GO dispersion. This is then annealed at
80 °C for 30 min in air. The as-prepared GO film is then
irradiated by fs laser pulses focused by a microscope objective
with X100 magnification. The GO is reduced as oxygen atoms
are eliminated in a photochemical process driven by fs laser
radiation. This processing produces rGO with enhanced
conductivity (see Table S1). The ultratightly focused laser
shows high resolution (Figure SS) enough to write ultra-
miniature electrodes with ~2 um interelectrode spacing (see
Figure 1b,c), which is comparable in size to those obtained in
FIB-rGO patterns.”® Compared to FIB processing, fs laser
direct writing is more cost-effective and practical since it is
carried out in air at atmospheric pressure. Following irradiation,
the glass was coated with poly(vinyl alcohol)—sulfuric acid
(PVA—H,SO,) gel as a donor substrate for transfer of
electrolyte droplets of ~50 um in diameter. Afterward, single
fs laser pulses were focused with a microscope objective with
%10 magnification through the glass onto the electrolyte gel
donor film. Explosive expansion of the electrolyte gel*”*"*>**
then results in the ejection of a microdroplet from the donor
film. The high-velocity trajectory precisely deposits the particle
on the surface of the patterned microelectrodes just below the
donor substrate. The small electrolyte droplet can exactly cover
the single microelectrode target without contacting other
electrodes nearby (see Figure 1d). The size of the electrolyte
droplet can be controlled by adjusting the laser pulse energy
(see Figure S6) and can be as small as 20 ym under optimized
conditions.””** The electrolyte gel droplet eventually solidifies
and shrinks in height after the evaporation of water (Figure
le,f). The droplet transferred under explosive pressure may be
also irradiated by the fs laser; however, this process does not
affect the value of potential of hydrogen (pH) and seems not
reducing the performance of PVA—H,SO, gel as electrolyte in
supercapacitors (Figure S12).

The fs laser reduction of GO is caused by a strong
photochemical effect that results in deoxygenation of
GO.'®'®536 The reduction process is initiated by the
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photoexcitation of C=O bonds, which results in the
preferential removal of oxygen since the binding energy of
C=O0 is much smaller than that of sp* C—C bonds.”**” X-ray
photoelectron spectroscopy and Raman spectroscopy were
used to investigate the deoxygenation process. Figure 2a
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Figure 2. Characterization of fsrGO. (a) XPS spectra and (b) Raman
spectra of GO and fsrGO (c) SEM and (d) high-resolution images of
fsrGO. Abundant mesopores (diameter ~10 nm) exist in fsrGO. (e)
Schematic showing ionic pathways involved in charge transport in
graphene and in porous graphene electrodes during charging of the
supercapacitor. In the absence of stacking, ions are primarily
transported and stored on the surface of nonporous graphene sheets.
When mesopores are present, ions can migrate through the mesopores
and are then stored on subsurface graphene sheets. This process
improves the specific surface area and ion diffusion dynamics.

compares high-resolution C 1s spectra of GO and fsrGO. The
two main contributions to the overall peak of GO are the C—C
peak at 284.8 eV and the peak at 287.1 eV associated with C=
O groups. The C 1s spectrum shows that the content of carbon
not bounded to oxygen in GO is estimated to be ~45.7%, while
the fsrGO shows much higher content (70.7%). Thus, the
reduction of GO is relatively successful and fsrGO shows a
notably enhancement of conductivity comparing to GO (see
Table S1). The decrease in the strength of the C—O peak in
tsrGO relative to that in GO is ascribed to the deoxygenation
process during fs laser irradiation. Raman spectra of the GO
film display two broad peaks corresponding to the D and G
band peaks (Figure 2b). These peaks have identical profiles and
widths after laser reduction, indicating that laser irradiation
introduces no amorphization of the GO film.”***** This is also
apparent from the clear spacing lines (the inset in Figure 2d)
and hexagon diffraction pattern of fsrGO (Figure S7). Laser
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reduction of GO does, however, increase the Ij,/I ratio from
0.99 to 1.31, which shows that fs laser irradiation results in
structural changes and an increased defects concentra-
tion."****" Figure 2c and d show that the fsrGO sheets have
many mesopores each having a diameter of <10 nm (Figures
S8—S510). Defects associated with the edges of these mesopores
are likely responsible for the observed increase in the I,/I;
ratio in Raman spectra (Figure 2b).

The mesopores seen in the graphene film after fs laser
irradiation on GO can be attributed to two primary and related
mechanisms: (1) localized etching by hydrogen peroxide
generated from laser-induced water breakdown and (2) laser-
induced decomposition similar to that occurring in coal
gasification processes.”” The as-prepared GO film contains
high water content due to selective superpermeability of a GO
membrane to water molecules when placed in air.**~* When
the fs laser irradiates GO, the peak power density at the laser
focus reaches up to ~10"* W cm ™2, which strongly leads to the
photoionization and photodissociation of water molecules
producing H, O, and OH radicals and radical ions. These
species then react together and form H,0, molecules which act
to etch the GO sheets and result in mesopores.*® Process 2 is
similar to that occurring in the gasification of coal. Gasification
occurs when solid carbon-based materials react with oxygen,
water, and carbon dioxide to produce fuel-rich products.*’
Russo et al.*” suggested this is initiated at sp* carbon sites and is
the main process responsible for the formation of mesopores in
GO during fs laser ablation of graphite in water.

Although, in theory, graphene has a remarkable specific
surface area for ion storage, graphene sheets are prone to
restack via 7— interaction and van der Waals bonding to form
layered agglomerates. Restacking inhibits ion transport into
internal graphene layers as shown in Figure 2e, causing a
significant reduction in specific surface area and a much lower
mass diffusion rate.'”**"” By introducing mesopores in the
graphene sheets, ions can diffuse through the mesopores to the
inner graphene layers in stacks of graphene sheets as shown in
Figure 2e. As a result, mesopores induced by fs laser irradiation
will increase the effective surface area and lead to enhancement
in the dynamics of ion diffusion.

The effect of the mesopores introduced in GO by fs laser
irradiation is also expected to be similar to that of high-
resolution planar fins introduced into miniaturized fsrGO
electrodes. Such features of planar fins and mesoporous
structures enhance the electrode/electrolyte contact area and
improve electron/ion diffusion paths when used as electrode
materials in energy storage devices.'”*****"*" In the present
study, the electrochemical performance of miniaturized fsrGO
MSCs was evaluated by cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance
spectroscopy (EIS).

CV curves of fsrGO MSCs are found to be semisigmoidal
and reversible (Figure 3a and Figure S13). This indicates the
emergence of radial diffusion as the dimensions decrease due to
the miniaturization of the interlaced pads in electrodes."*” A
similar effect is seen in ultrasmall FIB-rGO MSCs.”® As the size
of the electrode decreases, the contribution of convergent
diffusion to the voltammetry increases so that faster mass
transport per unit area of the electrode was obtained, causing
larger current densities and Voltammograms‘m’49 (Figure S16)
which yields the observed shape of the CV curves with
enhanced current density. As estimated, the CV curves of
MSCs with larger fsrGO finger electrodes width with separated
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Figure 3. Electrochemical performance of the fssGO-MSC in a PVA-H,SO, electrolyte. CV profiles of fsrGO MSC with interelectrode spacing of (a)
2 pum and (b) 550 um obtained at a scan rate of 100, 500, and 1000 mV s™". (c) Specific capacitance versus scan rate in ultraminiature fsrGO MSCs.
(d) Galvanostatic charge/discharge plots of fsrGO, MSC at a current density of 5, 20, and 50 mA cm™

distance of 550 pm (fsrGOg,) show a very low current
densities as illustrated in Figure 3b. The specific capacitance of
fsrGOss is only 0.037 mF cm™ at the scan rate of 1000 mV
s7, which is 33 times less than that of fsrGO MSC with
interelectrodes spacing of 2 ym (fsrGO,). This indicates that
the miniaturization of MSC electrodes indeed increases the
specific capacitance density. It seems that this miniaturization,
however, reduces the potential window of MSCs (compare
Figure 3a with Figure S11). This narrow potential window
might be attributed to the easier migration of oxygen atoms in
GO under the same electric field because of the ultrashort
distance of interelectrodes spacing,” which was also seen in the
reported ultraminiature graphene MSC reduced by FIB.”®
Figure 3c shows the ultraminiature fsrGO MSCs have a
relatively high specific capacitance. The areal capacitance at
scan rate of 1 mV s is ~6.3 mF cm . The atom force
microscopy (AFM) image (see Figure S3) shows that the
thickness of fsrGO is only ~0.6 pum; hence, the volumetric
capacitance is as high as ~105 F cm™. At this scan rate, the
gravimetric capacitance is estimated to be 86.7 F g~'. The areal
capacitance at a scan rate of 10 mV s™' is 2.5 mF cm™2, ~200
times higher than that found in MSCs prepared from plasma-
reduced GO (0.1 mF cm™)"” and 2 times higher than that in
laser-written porous carbon MSCs.”' The volumetric capaci-
tance at a scan rate of 10 mV s™! is 41 F cm™>, which is ~10
times higher than that reported in laser scribed graphene MSC
(3.05 F cm™)"® and 20 times higher than in MSCs produced
using plasma-reduced GO (2 F cm™)."”” The so high
volumetric capacitance of fsrGO MSCs is attributed to the
relatively high area capacitance as well as the ultrathin
electrodes. Even though, the specific capacitance of fsrGO
MSC is still less than that of FIB-rGO MSCs (102 mF cm >
and 1700 F cm™ at scan rate of 1 mV s™') because of the
incompletely reduction of GO by the fs laser compared with
reported FIB-rGO.”® This also implies that the specific
capacitances can be further improved by increasing the
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conductivity of fsrGO electrodes through optimized laser
directing parameters in future studies.

From the above comparison, it can be seen that specific
capacitances of fsrGO MSCs show major improvement
compared to that of most other graphene supercapacitors
reported. The edge effect, arising from the enhanced mass flux
during electrochemical test when electrodes size reduces, plays
an essential role in the remarkable improvement of specific
capacitances. This effect becomes even more important when
the electrode size is ~10 um.” In our case, each fsrGO
electrode has an ultraminiature size with width of only 10 um,
which leads specific capacitance exhibiting 33 times higher than
that of MSCs with fsrGO electrode width of 550 um (Figure
3a,b). This remarkable difference indicates that the ultra-
miniature size of fsrGO electrodes indeed increases the
calculated capacitances due to the edge effect. To our best
knowledge, however, the width of almost all reported graphene
electrodes is >150 ym, meaning >1S times larger than that of
our fsrGO MSCs. Thus, it is not surprising that the calculated
specific capacitances of fsrGO ultraminiature MSCs are
enhanced. In addition, the unique mesoporous network
structure of fsrGO electrodes also helps to minimize the
pathway for ion diffusion from the electrolyte to the electrode
material and increases the specific surface area of graphene
sheets that can store ions. The micrometer/submicrometer
scale of the interelectrode separation also decreases the
diffusion length between adjacent microelectrodes and
improves the overall current and energy densities in response
to the radial transport of ions at edges of ultrasmall fsrGO pads.
Thus, the edge effect due to the reduced size of fsrGO
electrodes, together with existence of abundant mesopores and
ultrathin fsrGO film, results in the major improvement of
calculated specific capacitances of fsrGO MSCs. The specific
capacitance shows a very weak dependence on scan rate above
10 mV s~ but is a stronger function of scan rate below 10 mV
s7!. However, the fsrGO MSCs retain ~23.8% of their
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at a scan rate of 500 mV s™*. (d) Ragone plot of the current fsrGO MSCs compared with commercial available energy storage systems and recently

published data for MSCs.**>*

capacitance when the scan rate increases from 1 to 100 mV s™".
This is much higher than in FIB-rGO MSCs which retain only
5% of their capacitance.”® This implies that fs laser rGO MSCs
have an improved rate capability over this charging range.

The galvanostatic charge/discharge (GCD) curves (Figure
3d) of fsrGO MSCs exhibit a nearly symmetrical triangular
shape with a small drop in internal resistance (iR) even at the
ultrahigh current density of 50 mA cm ™ This confirms that the
device has a relatively low equivalent series resistance (ESR).
These MSCs have an area specific capacitance of 2.14 mF cm ™
(with a volumetric capacitance of 35.7 F cm™) at § mA cm™
and maintain 78% of this value (1.67 mF cm™>) when operated
at an ultrahigh current density (S0 mA cm™2). The internal
surfaces of fsrGO are readily accessible to the electrolyte, and
there is very little impediment to ion transport. The device can
then maintain high capacitance even when operated at these
ultrahigh charge/discharge currents. Despite the large specific
capacitance of fsrGO MSCs, the absolute value of peak current
measured in CV test is still low (~150 nA for scan rate of 500
mV s7'). This small value of current is easily affected by
external fluctuation during CV and GCD test, resulting in
unsmooth curves as shown in Figure 3a,d, even though the
fluctuation does not affect the reliability of measurement from
the cyclic test in Figure 4c, which shows that the deviation of
capacitance is less than 5% after 1000 cycles.

Electrochemical impedance spectroscopy (EIS) provides a
consistent insight into the power performance (Figure 4). The
characteristic frequency f at a phase angle of —45° marks the
frequency at which the resistive and capacitive impedances are
equal. The corresponding time constant 7 = 1/f = 476 ms
(Figure 4a) of ultraminiaturized fsrGO MSCs is lower than
seen in active carbon-based MSCs (r = 700 ms) or onionlike
carbon-based macrodevices (7 > 1 s). Also, the time constant of
fsrGO, is ~5 times smaller than that of fsrGOgy (2.5 s). The
high-frequency region (the inset plot in Figure 4b) is
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characterized by a small charge resistance and steep Nyquist
curves, indicating that the surface of fsrGO is readily accessible.
The equivalent series resistance (ESR) of fsrGO, and fsrGOsy,
obtained from the intercept of the plot on the real axis is ~0.2
Q and ~670 Q cm? respectively. The enhanced performance
(low 7 and ESR) of ultraminiaturized fsrGO MSCs arises from
the short diffusion pathways between adjacent elements of the
interlaced electrodes and accessible diffusion channel formed by
abundant mesopores. It is believed that the reduction extent of
tsrGO can be further improved and time constant can be
further reduced by choosing optimized laser parameters and
utilizing some other hybrid techniques,'® which needs intensive
investigation in the future to make this innovative hybrid
technique more robust. We also find that fs laser rGO MSCs
show excellent cycling stability, retaining ~100% of their initial
performance after 1000 charge/discharge cycles (see Figure
4c).

Figure 4d shows a Ragone plot comparing the performance
of fs laser rtGO MSCs with that of different energy storage
devices used in high power microelectronics. fsrGO MSCs are
characterized by extremely high volumetric specific capacitances
(~105 F cm™>) as well as high power densities (>10 W cm ™)
that are 3 orders of magnitude higher than in commercial Li-ion
batteries” because MSCs contain a film of fsrGO with a
thickness of only ~0.6 pm. In addition, these new MSCs
demonstrate comparable power density to those obtained in an
aluminum electrolytic capacitor,'® while providing energy
densities 10° times higher than those devices. The energy
density is also a factor of 10 higher than that seen in graphene—
carbon nanotube hybrid film MSCs and 25 times higher than
that in stackable graphene laser-induced MSC.>* It is also 50
times higher than that found in 3D graphene supercapacitors
(at comparable power density) formed by 3D printing.”> These
results show that mesoporous graphene electrodes, together
with the miniaturization of microelectrode volume and
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connection of fsrGO resistor and MSC electrode, (b) all-graphene RC filter with precise coverage of small electrolyte droplet on fsrGO electrode,
and (c) all-graphene RC filter with a large electrolyte droplet on fsrGO electrode. (d) IV curves for fs rGO resistor in (b) and (c). (e) and (f)
Equivalent circuit diagrams for RC filter in (b) and (c), respectively. (g) Voltage signals across fsrGO resistor in (b) and (c) when applying a
sinusoidal signal of 0.8 sin 0.174¢ with superimposed white noise. (h) Input signal and output signals across the fsrGO MSC in (b) and (c).

interelectrode space, optimizes the ionic diffusion dynamics,
leading to higher power density. It is apparent that the high-
performance ultraminiature MSCs fabricated by this new hybrid
technique combining fs laser direct writing and accurate
microdrops transfer may have many applications as energy
storage units for powering compact micro/nano devices, which
further enables the reduction of overall size of electronic
systems.

To illustrate the priority of this ultraminiaturized MSC
fabricated by this hybrid technique for practical encapsulation
with other microelectronic components in ultrasmall micro-
system applications, we have constructed an all-graphene RC
filter written by a fs laser on a GO film. A simple first-order
passive low pass filter can be made by connecting a single
resistor together with a capacitor in series across an input signal
(Viy), with the output of the filter (V,,), taken from the
junction of capacitor. When a fs laser is introduced, the
deoxygenation of GO during photochemical processing
produces a dramatic increase in the conductivity of fs rGO
which can be easily tuned by adjusting the laser fluence (Table
S1). Thus, in an all-graphene RC filter circuit, directly written
serpentine fsrGO can function as a resistor (Figure Sa—c and
Figure S18). As for the capacitor involved in all graphene RC
filter, two types of MSC have been constructed to compare the
filter efficiency: (1) the as-prepared MSC with precise coverage
of an electrolyte microdrop on fsrGO interlaced electrodes
using fsLIFT (see Figure Sb); (2) a MSC having the same
electrodes but covered by a large electrolyte drop that partially
contacts fsrGO resistor nearby (see Figure Sc). As black curve
shown in Figure 5d, the current—voltage (IV) curve of the as-
written serpentine rGO resistor in Figure 5d exhibits a typical
feature of perfect linear loop, indicating an ideal resistor having
a resistance of ~4.3 MQ. However, the IV curve of rGO
resistor partially covered by large electrolyte drop (as shown in
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Figure Sc) exhibits a nearly rectangular loop (see the red curve
in Figure 5d), which means resistor/electrolyte interference
introduces capacitive impedance to fsrGO resistor. The above
IV curves clearly suggest that the equivalent circuit diagrams for
these two devices illustrated in Figures Sb and Sc should be the
schemas as indicated in Figures Se and 5f, respectively.

The input signal is set to be sum of a sinusoidal signal at
0.045 Hz and white noise (with amplitude of 0.1 V). According
to the RC filter analysis (see Supporting Information), the
intensity of the low-frequency sinusoidal signal remains almost
constant while the high-frequency noise in the output signal,
taken from the junction of the capacitor, should be greatly
reduced. Therefore, the signal obtained from the voltage drop
across the resistor (ie., Vi, — V) should consist of strong
high-frequency noise. As estimated, the red curve in Figure Sg
shows that the signal from the junction of the resistor without
contamination by small electrolyte droplet (see Figure Sb)
consists of a strong high-frequency noise component added to a
very small sinusoidal signal. However, the signal from the
resistor that has been partially covered by the large electrolyte
droplet (as shown in Figure Sc) is a very weak high-frequency
component added to a strong sinusoid signal (blue curve in
Figure Sg). This different response indicates that the resistor/
electrolyte interface greatly affects the efficiency with which
white noise is filtered. Thus, the low pass filter without contact
of electrolyte with resistor can increase the signal-to-noise ratio
(SNR) from 14.7 to 21.1 dB (as shown in Figure Sh). However,
the filter where the resistor has an interface with the large
electrolyte droplet shows only a marginal increase in SNR to
15.5 dB.

The different electrical response of these two filters obviously
arises from variations in the interface between the electrolyte
droplet and the rGO resistor pattern. The part of the large
electrolyte droplet that covers the rtGO component within the

DOI: 10.1021/acsami.7b14410
ACS Appl. Mater. Interfaces 2018, 10, 5404—5412


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14410/suppl_file/am7b14410_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14410/suppl_file/am7b14410_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14410/suppl_file/am7b14410_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b14410/suppl_file/am7b14410_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b14410

ACS Applied Materials & Interfaces

Research Article

serpentine rGO pattern introduces capacitive impedance into
the rGO resistor. This term has a strong deleterious effect on
the high-frequency filter capability for white noise. Hence, the
output signal from this MSC still has a strong noise component.
The characteristics of this signal are analyzed in detail in the
Supporting Information. The above comparison clearly shows
that the controllable microdroplet transfer technique shows
obvious priority in microdevice design. Even though the
performance of fsrGO MSCs can be further improved, the
hybrid technique offers a versatile method to meet the gap
between the miniaturization of microsystems and microdevice

design.

B CONCLUSIONS

We have developed a scalable direct-writing technology for the
production of ultraminiature, fully solid-state, in-plane micro-
supercapacitors (MSCs) using a hybrid technique that
combines the reduction of graphene oxide with fs laser
radiation (fsrGO) followed by precise transfer of electrolyte
microdroplets via fsLIFT. The resulting mesoporous structure
in graphene, together with a significant reduction in the width
and separation distance of interlaced pads in electrodes,
improves ionic diffusion and enhances electrochemical
performance characteristics. These devices exhibit high specific
capacitance, high energy and power densities, and high stability
under cycling. The picoliter electrolyte microdroplets trans-
terred under fsLIFT can be tailored to exactly cover individual
MSC electrodes, avoiding interference that can occur when the
electrolyte droplet overlaps with other electronic components
in an ultracompact microdevice. An all-graphene resistor—
capacitor (RC) filter is also constructed by combining the MSC
and a fsrGO resistor, which is confirmed to exhibit highly
enhanced performance characteristics. With their ultrasmall size
and controllable fabrication process, the integrated fsrGO-
MSCs devices engineered with this novel hybrid technique
provides a versatile approach to meet the gap between the
miniaturization of microsystems and microdevice design.

B EXPERIMENTAL SECTION

Sample Preparation. Hummer’s method*® was used to synthesize
GO from graphite powder (Nanjing XFNANO Materials Tech Co.,
Ltd.). An aqueous dispersion GO with a concertration of 0.5 mg mL™"
was prepared by sonification at low power for 10 min before being
drop-cast on a silicon oxide substrate and annealed in air at 80 °C for
30 min. This resulted in a continuous GO film with a thickness of
~500 nm. The GO-coated substrate was placed on an XYZ
microscopy stage (Figure S1 in Supporting Information). We used a
commercial fs laser system (Coherent Systems) delivering laser pulses
at a central wavelength of 800 nm, with a maximum pulse energy of 4
mJ, and a pulse duration of S0 fs at repetition rate of 1 kHz. The fs
laser pulses with an energy of 0.01 uJ were tightly focused using a
microscope objective (Olymbus) with X100 magnification and a
numerical aperture (NA) of 0.4 on the GO film to machine an array of
rGO electrodes. A glass coated with 100 gm thick PVA-H,SO, gel was
placed at a distance of 500 ym above as-prepared rGO elecrtodes. The
fs laser pulses with an energy of 4 ] were focused through the glass
using an objective (Olymbus) with X10 magnification and a NA of 0.3
onto the electrolyte gel to generate single electrolyte microdrops. The
location of droplets transferred on the rGO electrodes was verified
from CCD camera images. The laser fluence was attenuated with a 1/2
plate together with a polarizer. Further details are given in the
Supporting Information.

Materials Characterization. The microstructures and properties
of GO and rGO in the device were investigated by means of field
emission scanning electron microscopy (Zeiss EVO MAI10), trans-
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mission electron microscopy (JEOL JEM 2010F), optical microscopy
(Olymbus BXS1), X-ray photoelectron spectroscopy (PHI Quantera
II, with X-ray spot size of 7.5 um), Raman spectra (LabRAMHR
Evolution), and atom force microscopy (Veeco, dimension V).
Electrochemical Characterization. Electrochemical testing was
undertaken on a CHI 660E electrochemical workstation connected
through a probe station with tungsten probes (tip diameter = 10 ym)
as the current collectors. CV tests were performed between 0 and 0.5
V at a scan rate of 1—1000 mV s~' and EIS recorded in the frequency
between 0.1 Hz and 10 kHz with an amplitude of 5 mV. Galvanostatic
charge/discharge measurements were carried out in a range between 0
and 1 V at current densities of 5, 20, and 50 mA cm™2 The whole
testing processes were checked by the CCD camera of the microscope.
The tests were conducted over three times carefully to make sure that
the data were not obtained occasionally. The PVA—H,SO, gel
electrolyte was prepared by mixing 6 g of PVA and 6 g of H,SO,, in 60
mL of deionized water followed by heating up to 80 °C for 1 h
together with vigorous stirring.”® Calculations of the electrochemical
performance are described in detail in the Supporting Information.
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