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ABSTRACT: On-chip micro-supercapacitors (MSCs) have attracted
great attention recently. However, the performance of MSCs is usually
unsatisfactory because of the unreasonable pore structure. The
construction of a three-dimensional (3D) interconnected porous
carbon-based MSC by controllable activation is proposed. The porous
monolithic carbon microelectrode activated by ZnO nanowires
provides electron/ion bicontinuous conduction path. The fabricated
MSC with this microelectrode rendered a high areal speciﬁc
capacitance of 10.01 mF cm−2, 6 times higher than that of pure
pyrolyzed carbon-based MSC, 1.6−5 times higher than that of the
MSC with porous carbon activated by ZnO nanoparticles because of
its cross-linking macropore−mesopore−micropore structure and
considerable areal atomic ratio. The optimization mechanism of the
hierarchical channel pore for the electrochemical performance of
MSCs is investigated in detail. Four kinds of electrolytes, including H2SO4, redox additive KI/H2SO4, LiCl, and LiTFSi, are
employed for constructing MSCs. The voltage window of water in a salt electrolyte assembled LiTFSi-MSC is expanded to 2.5
V. The energy density of LiTFSi-MSC is 6 times higher than that of H2SO4-MSC, which can drive light-emitting diodes without
serial or parallel connection. This high-performance 3D interconnected porous carbon-based MSC shows a great potential in
applications for large-scale integration of micro-/nanodevices.
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■

INTRODUCTION
The large-scale integration and miniaturization of intelligent
electronic devices have high requirements for the performance
of their energy supply systems.1−4 Micro-supercapacitors
(MSCs) with higher charge−discharge rate, ultralong cyclic
lifetime, and considerable energy density have attracted more
attention than microbatteries in the past decade.4,5 Unlike bulk
supercapacitors, MSC is more focused on the compatibility
and rationality of manufacturing process and controllable
preparation of microelectrodes.6−9 For the microfabrication
process of MSCs (micron level), plasma etching,6 physical
vapor deposition,12 electrochemical deposition,13,14 and other
processes5,15 have been extensively studied. The coordination
of their fabrication process and optimization of the electrode
structure as a considerable strategy have been widely proposed,
aiming to predigest the fabrication process with the substantive
increase of energy storage performance of MSCs.11,16,17
For the two types of energy storage mechanisms, electric
double-layer capacitor (EDLC) is based on physical adsorption
of ions over interfaces between the electrode and electrolyte,
© 2018 American Chemical Society

whereas the pseudocapacitor stores energy by the redox action
of the electrode with ions in the electrolyte.19−21 In the view of
previous work, the supercapacitors with inert electrodes such
as pyrolyzed carbon22−24 and graphene26 have deﬁnitely
unlimited lifetime which exceeds that of pseudocapacitors.
With a view to the applications of MSCs such as home
automation, transport surveillance, and industrial processes’
tracking, the MSCs require higher cycling life because of the
repeated charge and discharge and long working life.9,27,28
Thus, the advantages of inert electrodes represented by
carbonaceous materials are more obvious than those of
pseudocapacitive materials such as MnO2 and polypyrrole
(PPy).29−31 As one of carbonaceous materials, pyrolyzed
carbon has been employed as the commercial electrode of SCs;
however, there are some distinctive shortages, limiting the
increase of their energy density such as clog of mesopores by
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Figure 1. (a) Microfabrication process of ZNPC-MSC and ZNWC-MSC. After compositing PR1-9000A with ZnO NPs or ZnO NWs, the ZnO
nanomaterial/photoresist composite was spin-coated on the wafer and then pyrolyzed after micropatterning by photolithography. (b−e) SEM
images of pyrolyzed carbon microelectrodes activated by 5−20 wt % ZnO NWs.

cross-linked pore structure (i.e., 3D pore structure). Also, four
types of electrolytes are employed to improve the energy
density of MSCs via the increase of speciﬁc capacitance and
voltage window. After comparison of the speciﬁc energy
densities of MSCs, we have full conﬁdence in the application of
LiTFSi [lithium bis(triﬂuoromethane sulfonyl)imide] for
MSCs because of the highest energy density of 4.9 μW h
cm−2, which is 6 times that of H2SO4. The single MSC with the
LiTFSi electrolyte is used to drive the light-emitting diode
(LED, operating voltage > 1.8 V) because of its high energy
density and voltage window of 2.5 V.

binders and monotonous pore structures, decreasing the
accessibility of the electrolyte to the distributed pore area of
the material.33−35 The distribution of Ohmic resistance
associated with the electrolyte over the interface between the
electrode and electrolyte determines the estimation of the
eﬀective pore volume.36 Hence, the structure of the inert
electrode should have a fundamental role associated with the
energy density of MSCs by broadening the diﬀusion access of
ions and improving the speciﬁc surface area (SSA).
In addition, the controllable modiﬁcation of the porous
structure of pyrolyzed carbon and the diversity of its molding
process access the operability and application of MSCs.22 A
carbon-based microelectromechanical system (C-MEMS)
performed as a typical microfabrication platform of microdevices has attracted wide potential applications similar to
MSCs with porous pyrolyzed carbon microelectrodes.39−42
The pathway of constructing a three-dimensional (3D) carbonbased structure for increasing the SSA and inﬁltration property
of the electrolyte is eﬀectively scarce yet very diﬃcult especially
for the thin-ﬁlm electrode of MSCs owing to the limitation of
microfabrication and stability of the microelectrode. Thus,
combining the simple but eﬃcient microfabrication processes
with universal constructing strategies of carbon-based 3D pores
to enhance the performance of MSC is the biggest challenge.
Hence, we eﬃciently demonstrated a method for the
combination of microfabrication with material optimization
to enhance the performance of MSCs. The MSC is fabricated
by C-MEMS technology, whose microelectrode is optimized
by constructing a 3D pore structure via the activation of ZnO
nanoparticles (ZnO NPs) and ZnO nanowires (ZnO NWs),
respectively. Additionally, the performance-enhanced mechanism of 3D microelectrode-based MSCs activated by ZnO NPs
and ZnO NWs is investigated clearly, which proves deeply the
importance of the 3D pore structure and electron/ion
bicontinuous conduction path especially for the thin-ﬁlm
electrode. Pyrolyzed carbon-based MSCs activated by ZnO
NWs (the weight percent of ZnO in the photoresist/ZnO
composite is 15%) rendered a high areal speciﬁc capacitance of
10.01 mF cm−2 because of its high electrical conductivity and

■

RESULTS AND DISCUSSION
To obtain desirable ZnO NPs and ZnO NWs applied as hard
templates, we choose the facile coprecipitation and hydrothermal methods to synthesize ZnO NPs and ZnO NWs,
respectively (see details in the “Experimental Section in the
Supporting Information”). As shown in Figure S1a (Supporting Information), the synthesized ZnO NPs with ∼100 nm in
diameter dispersed uniformly without obvious aggregation.
The X-ray diﬀraction (XRD) pattern of ZnO NPs shows that
all peaks can be well indexed to hexagonal zinc oxide (JCPDS
card no. 01-079-0208, Figure S1c). The synthesized ZnO NWs
with ∼100 nm in diameter and 10 μm in length also belong to
hexagonal zinc oxide (JCDPS card no. 01-079-2205, Figure
S1d). As shown in Figure 1a, the PR1-9000A photoresist
composited with uniformly dispersed ZnO NPs and ZnO
NWs, respectively, is pyrolyzed to micropatterned porous
carbon via the optimized C-MEMS microfabrication process.
The optical graph of carbon-based MSCs activated by 15 wt %
ZnO NWs (15 ZNWC-MSC, activated by 5, 10, and 20 wt %
ZnO NWs, i.e., 5 ZNWC-MSC, 10 ZNWC-MSC, and 20
ZNWC-MSC, respectively) shows the MSC with high
fabrication precision (Figure S2a).
The carbothermic reduction [C(s) + ZnO(s) → C′(s) +
Zn(g) + CO(g)] leads to the sacriﬁce of pyrolyzed carbon.22
The ﬁeld emission scanning electron microscopy (SEM)
images of carbon-based microelectrodes activated by ZnO
NWs with stepped values of 5, 10, 15, and 20 wt %,
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Figure 2. SEM images of carbon-based microelectrodes activated by (a) 15 wt % ZnO NPs and (b,c) 15 wt % ZnO NWs. (d) EDS elemental
mapping, (e,f) TEM images of carbon-based microelectrodes activated by 15 wt % ZnO NWs. (g) XRD patterns, (h) BET adsorption−desorption
curves, and (i) Raman spectra of carbon-based microelectrodes activated by 0, 5, 10, 15, and 20 wt % ZnO NWs.

occurred at ∼400 and 900 °C, respectively. In the XRD
patterns (Figures 2g and S5), the pyrolyzed carbon produced
by the carbothermic reduction of ZnO nanomaterials displays a
broad graphite stacking peak at 2θ = 21.3°. The disappearance
of ZnO diﬀraction peaks indicates the complete reduction of
ZnO NWs and the evaporation of Zn, which is consistent with
the result of EDS mapping (Figure 2d). The SSA and pore
volume of pyrolyzed carbon activated by ZnO NWs and ZnO
NPs with the increased content determined, respectively, by
the Brunauer−Emmett−Teller (BET) method show the
adjustable regularity (Figures 2h and S6 and Table S1).
After being activated by ZnO with the same weight percent,
the pyrolyzed carbon activated by ZnO NWs reveals a
relatively higher SSA than that of ZnO NPs because of more
suﬃcient utilization of the 1D structure of ZnO NWs as the
template agent (Table S1). As the proportion of ZnO
increases, the mesoporosity with a diameter of 4 nm in the
activated carbon (AC) also increases (Figure S6). The surface
area of the pyrolyzed carbon activated by ZnO NWs is high
because of the hierarchical pore. We conducted the Raman
spectroscopy characterization to investigate the activation level.
As shown in Figure 2i, the increase of ID/IG can be observed
with the increase of ZnO NWs, demonstrating the increment
of defects caused by activation with ZnO NWs and ZnO NPs
of relatively high content (Figure S7). In general, ZnO is
successfully used as a template to optimize the pore structure
of pyrolyzed carbon. The amount of ZnO in a photoresist has a
signiﬁcant eﬀect on its SSA but has no signiﬁcant eﬀect on the
structure of mesopores. Diﬀerent morphologies of ZnO as the
template agent have a signiﬁcant eﬀect on the structure and
SSA of the pyrolyzed carbon macroporous network.
The electrochemical performances of ZNWC-MSCs and
ZNPC-MSCs with ZnO of the gradient content were examined
by cyclic voltammetry (CV) and galvanostatic charge−
discharge (GCD). The CV curves of C-MSC (i.e., MSC

respectively, are shown in Figure 1b−e. One-dimensional (1D)
channel structure (about 100 nm in diameter) created by the
reduction of ZnO and evaporation of Zn could be found easily.
Besides, the amount of 1D pores obviously increases with the
weight percent of ZnO NWs ranging from 5 to 20 wt %.
Morphologies of carbon activated by ZnO NPs (ZNPC) are
shown in Figure S3. The agglomerate of macropores (about
100 nm in diameter) could be observed because of the
aggregation of ZnO NPs, which will relatively decrease the SSA
of active carbon.
To evaluate the diﬀerentiated eﬀect of carbon-based
microelectrodes activated by ZnO NWs and ZnO NPs, the
cross-sectional SEM images of carbon-based microelectrodes
activated by 15 wt % ZnO NWs and ZnO NPs are shown in
Figure 2a,b. The joint parts of channel pores are marked by
white dashed circles as shown in Figure 2c. Some pores are
connected and the 1D channels reunite to form a 3D pore
structure (Figure 2b,c), diﬀerent from the agglomerate of
macropores activated by 15 wt % ZnO NPs (Figure 2a). The
thickness of the 15 ZNWC microelectrode is 4.4 μm, which is
similar to that of the pure pyrolyzed carbon microelectrode. As
shown in Figure 2 d, the energy-dispersive spectroscopic
(EDS) elemental mapping images of the carbon-based
microelectrode activated by 15 wt % ZnO NWs provide
clear evidence of the absence of the Zn element and the
existence of C, which correspond well with the result of its
XRD pattern (Figure 2g). Also, transmission electron
microscopy (TEM) image of the 15 ZNWC-MSC microelectrode exhibits a cross-linking pore with a diameter of 100
nm (Figure 2e). The mesopores are found on the tough wall of
cross-linking macropores (Figure 2f). Furthermore, the
carbonization and pyrolysis−reduction processes were conducted by thermogravimetric (TG) analysis and diﬀerential
scanning calorimetry (DSC), respectively, as shown in Figure
S4. The carbothermic reduction of ZnO and evaporation of Zn
950
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Figure 3. Electrochemical performances of carbon-based MSCs activated by ZnO NPs and ZnO NWs with the gradient content. (a) CV curves of
pure C-MSC and 5−20 ZNWC-MSCs at the scan rate of 20 mV s−1 and (b) GCD curves of 5−20 ZNWC-MSCs at the current density of 0.1 mA
cm−2. (c) CV curves of carbon-based MSCs activated by ZnO NPs and ZnO NWs. (d) Speciﬁc capacitance curves (vs weight percent of ZnO) of
carbon-based MSCs activated by ZnO NPs and ZnO NWs with the gradient content calculated by GCD curves at 0.1 mA cm−2. EIS curves of (e)
5−20 ZNPC-MSCs and (f) 5−20 ZNWC-MSCs.

Figure 4. (a) Sketches of a two-dimensional cross section of the 3D pore structure are shown to visualize the concepts of the areal atom ratio. The
electrical conductivity of carbon will decrease with the increase of the areal atom ratio. (b) Sketch of carbon activated by ZnO NPs with the
inﬁltration of the electrolyte. (c) Sketch of carbon activated by ZnO NWs with the inﬁltration of the electrolyte, and the status of mesopores on the
wall of pores formed by ZnO NWs.

quantitatively compare the eﬀect of these two activation
modes on the capacitance of MSCs, we compared the speciﬁc
capacitances of MSCs activated by ZnO NWs and ZnO NPs
with the gradient content and diﬀerent topographies,
respectively, as shown in Figure 3d. Speciﬁc capacitance values
are summarized in Table S3. As the activation of ZnO NWs
enhances (i.e., its content increases), the speciﬁc areal
capacitance of ZNWC-MSCs increases correspondingly but
decreases signiﬁcantly at 20 wt %, as shown in the red line of
Figure 3d, which also gives the similar variation for ZNPCMSCs (black line). The highest speciﬁc areal capacitance of
8.83 mF cm−2 is obtained at 15 ZNWC-MSC, which is about 6
times higher than that of C-MSC. The volume capacitance of
15 ZNWC-MSC is 20.06 F cm−3. The speciﬁc capacitances of
ZNWC-MSCs are 1.6−5.0 times higher than those of ZNPCMSCs, which results in acceptable diﬀerence with the change

based on pyrolyzed carbon without any activation with ZnO),
5, 10, 15, and 20 ZNWC-MSCs, respectively, show
synchronously the quasi-rectangular shape, which is characteristic for ideal EDLC with little electrolyte diﬀusion limitation
(Figure 3a). As shown in Figure 3b, the GCD curves of 5−20
ZNWC-MSCs show a symmetrical triangle with relatively
unconspicuous IR drop (10−35 mV at 0.1 mA cm−2) related
to the electrical conductivity of microelectrodes that will be
discussed below (Table S2). The similar results of ZNPCMSC are also obtained (Figure S8a,b). To further investigate
the eﬀect of activation by ZnO with diﬀerent morphologies, we
compared the CV curves of pyrolyzed carbon-based MSCs
activated by 5−20 wt % ZnO NWs and ZnO NPs, respectively.
As shown in Figure 3c, the CV curve areas of ZNWC-MSCs
are previously larger than those of ZNPC-MSCs with the
diﬀerent activated content values of ZnO. In order to
951
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Figure 5. Electrochemical performances of 15 ZNWC-MSC. (a) GCD curves at diﬀerent current densities and (b) CV curves of 15 ZNWC-MSC.
(c) Speciﬁc capacitances (vs current density) of 15 ZNWC-MSC and C-MSC. (d) Cyclic performance of 15 ZNWC-MSC; the inset shows CV
curves at ﬁrst cycle and 10 000th cycle, respectively.

of amount of ZnO. Thus, two rules are required to be
investigated thoroughly or explained clearly by further
characterizations. First, universal law conﬁrmed that the
speciﬁc capacitance based on EDLC and SSA of the electrode
has a positive correlation. However, 20 ZNWC-MSC with the
highest SSA of 790.83 m2 g−1 only delivered a speciﬁc
capacitance of 4.69 mF cm−2, much lower than that of 15
ZNWC-MSC. Second, the pyrolyzed carbon activated by lowcontent ZnO NWs shows a lower SSA and higher speciﬁc
capacitance than those of pyrolyzed carbon activated by highcontent ZnO NPs. We speculate that the channel hierarchical
pore structure plays a very important role in improving the
speciﬁc capacitance of MSCs.
In order to deeply investigate the mechanism of electrochemical performance of ZNWC-MSCs and ZNPC-MSCs,
electrochemical impedance spectroscopy (EIS) measurements
were performed. Figure 3e exhibits the dynamics process of the
electrode, EDLC, and ion diﬀusion of ZNPC-MSCs. In high
frequencies, the Nyquist plots of 5, 10, and 15 ZNPC-MSCs
reveal a relatively similar charge-transfer resistance related to
the electrical conductivity of the electrode and ion conductivity
of the electrolyte (inset of Figure 3e). For 20 ZNPC-MSC,
there emerges a sharp decrease of surface charge conductivity
in Figure 3e. During the pyrolysis process (i.e., the carbonization of organic matter and the sacriﬁce of carbon because of
the oxidation by ZnO), the changes of SSA per unit volume
and the number of carbon atoms per unit SSA (called as the
areal atomic ratio, a more detailed mathematical model
mentioned in previous reports) cause us great concern because
of the diﬀerence of calculation of volume and mass of the
electrode.33 The areal atomic ratio (Note 2 in the Supporting
Information) plays an important role in charge-transfer
resistance of the electrode, as shown in Figure 4a. With the
deeper sacriﬁce of carbon and the increase of SSA of
microelectrodes activated by 5−20 wt % ZnO NPs,
respectively, the areal atomic ratio of the microelectrode will
increase and the electron conduction path per unit SSA of the

microelectrode will decrease sharply, which indicates the
existence of the threshold of charge-transfer resistance
exhibited in 15 ZNPC-MSC.
In low frequencies, the slope of Nyquist plot reﬂects the
property of ion diﬀusion related to the pore structure of
EDLC. Thus, it is obviously conﬁdent that the enhancement of
ion diﬀusion with ZNPC-MSCs from 5 to 15 wt % ZnO NPs,
and 20 ZNPC-MSC performed relatively poor ion diﬀusion.
For EDLC, the Nyquist plot in low frequency related to the
process of ion diﬀusion control yields a phase angle of π/2.
The impedance of a semi-inﬁnite, right cylindrical pore in
perfect conductor could be described as
Zpore = (R |Z|)1/2 e iφ /2

where R is the resistance per unit length down the pore, Z is
the impedance for interfacial impedance at the (wall) plane
surface, and φ is the phase angle for that.42,45 The variation of
ion diﬀusion with ZNPC-MSCs could be explained concisely
after the establishment of relation between the length of pores
and roughness. The excess activated pyrolyzed carbon
possessed a higher speciﬁc pore volume of 4 nm, and sub-2
nm could be construed as the nature of roughness of the
interface between the electrode and electrolyte, which
illustrates the threshold of slope with the Nyquist plot in low
frequency for 15 ZNPC-MSCs. It is indicated that excess
activation of pyrolyzed carbon increases its ion diﬀusion
resistance.
Similar to ZNPC-MSCs, the charge-transfer property of
ZNWC-MSCs also presented a threshold and decrease in 20
ZNWC-MSC, which is attributed to the increase of the areal
atom ratio owing to the activation and sacriﬁce of glassy
carbon. However, the slope of Nyquist plots in high frequency
for ZNWC-MSCs remains basically the same, diﬀerent from
the result of ZNPC-MSCs. To further investigate the status of
the electrolyte in the thin carbon electrode ﬁlm activated by 15
wt % ZnO NWs, the EDS line scanning was conducted. It is
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Figure 6. Electrochemical performances of 15 ZNWC-MSC with various electrolytes. (a) CV curves, (b) GCD curves, and (c) Ragone plots of
diﬀerent planar MSCs comparing the areal energy density and power density of 15 ZNWC-MSC employing electrolytes of H2SO4, KI, LiCl, and
LiTFSi with full-inkjet-printing graphene (IPG),1 MnO2/PANI asymmetrical (MPaMSC),10 MnO2/PPy asymmetrical MSCs (MPMSC),11 MnO2
asymmetrical MSC (SMSC),11 laser-scribing rGO-coated textile (LST),18 graphene quantum dots/MnO2 with ionic liquid gel electrolytes
(GMILE),25 printing Au/MnO2/Au (PAMA),32 freestanding carbon ﬁlms (FS-CF),2 AC,37 laser-written graphene (LWG),38 vapor−liquid−solid
grown silicon NWs (VLS-Si Nws),43 silicon carbide NWs (SiC NWs),44 and stamping MXene inks.16 (d) Schematic diagram and circuit diagram of
integration of solar cell (energy-harvesting device) and 15 ZNWC-MSC with LiTFSi as the electrolyte (energy storage device). (e) Single 15
ZNWC-MSC with the LiTFSi electrolyte could light up an LED.

structure provides a continuous electrolyte diﬀusion pathway.
Therefore, the bicontinuous pathway of electron conduction
and ion diﬀusion improves the electrochemical reaction kinetic
and the performance of the microelectrode.
After clarifying the improvement of speciﬁc areal capacitance
of ZNPC-MSCs and ZNWC-MSCs (Table S3), we further
studied the electrochemical performance of 15 ZNWC-MSC in
detail (Figure 5). As shown in Figure 5a, the GCD curves of 15
ZNWC-MSC collected under 0.1−2 mA cm−2 exhibit a
symmetric triangular shape corresponding to the EDLC
mechanism. The speciﬁc areal capacitance of 15 ZNWCMSC is 10.01 mF cm−2 calculated from the GCD curve at the
current density of 0.1 mA cm−2. What is worth noting is the IR
drop related to the charge-transfer resistance of ions and
electrons. Considering that the pyrolyzed carbon is used as the
metal-free self-current collector, the value of IR drop related to
the rate performance is acceptable, leading to the rectangle
distortion of CV curves at a relatively higher scan rate (Figure
5b). Thus, the rate performances of 15 ZNWC-MSC and CMSC shown in Figure 5c show that the speciﬁc areal
capacitance of 15 ZNWC-MSC is always more than ﬁve
times that of C-MSC. In addition, the cyclic stability of 15
ZNWC-MSC under the scan rate of 500 mV s−1 exhibits 105%
of the capacitance retention after 10 000 cycles (Figure 5d).
The increase of capacitance is due to the further inﬁltration of
the electrolyte into the microelectrode. After 4000th cycles, the
capacitance of the MSC is stable. The Coulombic eﬃciency of
15 ZNWC-MSC is almost higher than 99.5% (Figure S12).
The original morphology of the interconnected channel pore is
maintained after cycling (Figure S13).
The energy density of MSCs is proportional to the speciﬁc
capacity and the square of working voltage. To increase the
energy density of MSCs, we assembled 15 ZNWC-MSCs with
H2SO4 (acidic electrolyte), redox additive KI/H2SO4, LiCl
(neutral electrolyte), and LiTFSi [LiN(SO2CF3)2, water-in-salt

conﬁrmed that the electrolyte is inﬁltrated to the pores (Figure
S9). The invalid SSA related to the electrolyte inﬁltration of
pyrolyzed carbon activated by ZnO NPs and ZnO NWs is
visualized by white squares in Figure 4b,c. On the basis of the
assumption with the similar or same SSA of pyrolyzed carbon
activated by ZnO NPs and ZnO NWs, we could conﬁrm that
the latter could provide higher EDLC because of the higher
eﬃcient utilization of SSA for 3D channel pores and the
formation of electrolyte cistern accumulating its Ohmic
resistance (Note 2 in the Supporting Information). The
pores in the diameter of about 100 nm are performed as the
electrolyte cistern without the impact of solvent−ion
condition. It increases the electrolyte pathway to access the
surface and thus to accelerate ion conduction of the
electrolyte-ﬂooded matrix related to the distribution of
Ohmic resistance (Figure 4b,c). Also, the previous work
identiﬁed that the unreasonable micropore structure aggravates
the repulsion between counterions aﬀected.34,46,47 The channel
cross-linking macropores further improve ion diﬀusion related
to the mesopores on the wall of template pores and shorten the
ion-transfer length relatively. We conﬁrmed that the macropore
structure etched by ZnO NWs demonstrates the optimal
performance of ion diﬀusion owing to the coordination of
Ohmic accumulation by the electrolyte in the channel pores
and ion diﬀusion in mesopores. The Bode plots of impedance
of ZNWC and ZNPC MSCs are shown in Figure S10. The
time constant τ of 15 ZNWC-MSC is 1.56 s, much lower than
those of 10 ZNWC-MSC (2.75 s), 20 ZNWC-MSC (5.34 s),
and 15 ZNPC-MSC (3.74 s). It is indicated that the
electrochemical performance of MSCs at high scan rate is
enhanced by moderate activation (considerable areal atomic
ratio) and the interconnected channel pore structure. The
microelectrode is diﬀerent from the microelectrode assembled
by carbon particles. The monolithic structure provides a
continuous electron pathway. The 3D interconnected porous
953
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increasing the energy density of MSCs. The energy density of
LiTFSi-MSC is 6 times higher than that of HSO-MSC.
Because of its ultrahigh energy density and adaptive voltage,
the single LiTFSi MSC can be integrated with the solar cell as
the energy-harvesting device to light up an LED. The highperformance 3D interconnected porous carbon MSC shows a
great potential in applications of large-scale integration of
micro-/nanodevices and systems.

electrolyte] electrolytes, which are noted as HSO-MSC, KIMSC, LiCl-MSC, and LiTFSi-MSC. As shown in Figure 6a,
HSO-MSC exhibits the relatively higher response current
density, which is mainly due to the coordination in the size of
pores and solvated ions. Owing to the redox reaction on the
interface of the electrode and KI electrolyte, the CV curve of
KI-MSC shows the redox peaks with improved response
current density (Figure 6b). After measuring the self-discharge
of KI-MSC, we conﬁrm that the feasibility of using KI in MSC
needs to be improved because of the drastic self-discharge
drawback related to the structure of MSC, such as very short
diﬀusion distance and separation-free device structure (Figure
S14). As for the neutral electrolyte with low H+ or OH−
concentration, LiCl withstands the voltage window of ∼1.6 V
based on its high stable voltage (Figure S15). The polarization
and coordination in the size of pores and ions have an impact
on the performance of LiCl-MSC partly, which reduce the
speciﬁc capacitance (5.98 mF cm−2 at the scan rate of 20 mV
s−1), respectively. To enhance the stable voltage window with
acceptable breakage of performance, water-in-salt electrolyte
LiTFSi is employed as the electrolyte, revealing the higher
voltage window of 2.5 V (Figure S16). LiTFSi-MSC shows a
similar speciﬁc capacitance of 5.62 mF cm−2 at the scan rate of
20 mV s−1 with LiCl-MSC. The Ragone plot visualizes the
value of energy density and power density of MSC with above
electrolytes, respectively, which strengthened the great
application potential of LiTFSi (Figure 6c). As the ﬁrst
attempt of the redox electrolyte on MSCs, we conﬁrm that KI
could improve the speciﬁc capacitance, but the urgent problem
to be solved is its relatively low reaction potential and high selfdischarge rate. Compared with HSO-MSC and KI-MSC, LiClMSC delivers the balanced properties including energy density
and industrial costs (Figure S17). LiTFSi-MSC delivered the
highest area energy density of 4.9 μW h cm−2 and volume
energy density of 11.13 mW h cm−3, which are about 6 times
higher than those of HSO-MSC. It also showed the highest
power density of 7.92 mW cm−2 at the energy density of 1.53
μW h cm−2. The energy density and power density of LiTFSiMSC are also higher than those of previously reported MSCs
(Table S4).
Because of its ultrahigh energy density and adaptive voltage,
the single LiTFSi-MSC was integrated with the solar cell as the
energy-harvesting device to light up an LED (Figure 6d,e).
When the solar energy was cut oﬀ, the LED was still lit. It is
worth noting that the operating voltage of an LED is 1.8−2.2
V. Single MSC with a common aqueous electrolyte whose
potential window is usually <1.8 V cannot drive an LED. The
series and parallel connection will increase the complexity of
the whole device. Therefore, the single LiTFSi MSC will
reduce the cost of integrated devices. It is worth noting that
the microliter level of the LiTFSi electrolyte on one piece of
MSC will not obviously increase the cost of MSC compared
with that of the microfabrication process.
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