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SUMMARY

The demand for better “true performance” of supercapacitors, which is defined as the energy density
based on the packaged cell with high active mass loading, is spurred by the ever-increasing energy
storage market. The true performance of present supercapacitors is unsatisfactory, greatly limited
by the currently used current collectors. Here, we develop a through-pore structured nickel current
collector with excellent flexibility by electrodepositing nickel on laser-drilled stainless steel sheets
filled with epoxy resin. Based on the new current collector, the electrodes possess higher performance
than those fabricated by employing conventional current collectors. At a high active mass loading, the
assembled supercapacitors show superior flexibility and high energy densities of 50.4 W hr L~ and
30.1 Whrkg ", respectively, based on the packaged cell, outperforming the present supercapacitors.
Our strategy provides a new opportunity for promoting the further development of supercapacitors
by enhancing the true performance.

INTRODUCTION

Intensive research on supercapacitors has been carried out for many years (Conway, 1999; Miller and
Simon, 2008). Despite the great progress made, the “true performance” of supercapacitors, which is
defined as the energy density based on the packaged cell with high active mass loading, is still limited,
making it difficult to meet the practical application (Gogotsi and Simon, 2011; Stoller and Ruoff, 2010).
The true performance is dependent not only on the active materials but also on the inactive components,
especially the current collector. To achieve high true performance, high mass loading of active materials is
necessary to provide feasible energy. Simultaneously, reducing the proportion of inactive current collector
is important for increasing the energy density at the packaged cell level. To promote the development of
supercapacitors, emphasis in previous research has been placed on developing new active materials
(Simon and Gogotsi, 2008; Zhu et al., 2015; Ghidiu et al., 2014; Yan et al., 2014; Xue et al., 2018; Salunkhe
etal., 2017; Nethravathi et al., 2014). However, the current collector has rarely been investigated thus far. As
a matter of fact, the current collector influences the true performance of supercapacitors greatly. The
attainable mass loading of active materials and ratio of active materials to inactive components are strongly
dependent on the applied current collector (Shi et al., 2016; Liu et al., 2018).

Owing to the advantages of high conductivity, intrinsic hydrophilic nature, superior mechanical property,
and excellent capability of scaling up, metallic current collectors have been playing a leading role in energy
storage devices both in the laboratory and industry (Linden and Reddy, 2002; Xu et al., 2010; Liu et al., 2017;
Meng and Ding, 2011; Lietal., 2017; Sheng et al., 2017). Compared with the conventional metallic foils, the
porous metallic current collector with appropriate pore structure, especially through pores, is a promising
candidate for achieving high true performance of supercapacitors. Porous current collector allows high
mass loading by enhancing the bond strength. Through-pore structure reduces the areal mass density
of current collector, which is favorable for increasing the ratio of active materials to inactive components.
In addition, through pores allow accessibility of electrolyte to both sides of the electrode, thus increasing
the utilization efficiency of active materials.

At present, metallic foams, mainly nickel (Ni) and copper (Cu) foams produced by using plastic foams as sacri-
ficing templates, are frequently used as the current collectors in energy storage devices due to their through-
pore structure, three-dimensional network, high surface area, and commercial availability (Li et al., 2018a; Ren
etal, 2016; Chen et al., 2013; He et al., 2016; Wang et al., 2015). Nevertheless, the large thickness (>100 um)
and high areal mass density (>260 g m~2) of the metallic foams introduce a high proportion of inactive com-
ponents, seriously reducing the energy density based on the packaged cell. Due to the large pore size
(>100 um), the pore volume cannot be fully utilized, leaving too much inactive space after growing active
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Epoxy resin

Stainless steel sheet

Through-pore structured Ni film (TPNF) Ni stripping Ni electrodeposition Template

Figure 1. A Schematic lllustrating Fabrication of TPNF
(A) Drilling through pores on a stainless steel sheet.

(B) Sticking a tape on one side of the porous stainless steel sheet and pouring epoxy resin on the other side.
(C) Standing for a while to make the pores fully filled with epoxy resin.

(D) Peeling off the tape.

(E) Obtained template.

(F) Ni electrodeposition on template.

(G) Ni stripping.

See also Transparent Methods.

materials, which is unfavorable for the enhancement of volumetric energy density. Besides, the rigid and frag-
ile nature of metallic foams makes it difficult to fabricate a flexible cell, whereas the ever-growing demand for
flexible and wearable energy storage devices in the market has put the flexibility of current collector in a prom-
inent position (Yu et al., 2014a, 2014b; Zhang et al., 2017; Bao et al., 2017; Fu et al., 2016; Li et al., 2018b; Zhu
et al., 2018; Wang et al.,, 2014). Furthermore, the production of these metallic foams requires calcination,
reduction, and annealing processes, which increase the cost and cause emission pollution (Shukla et al.,
2001). Therefore, it is highly desired to develop a new metallic current collector with appropriate through-
pore structure, low areal mass density, small thickness, and excellent flexibility.

Recently, we prepared a through-pore structured Ni film (TPNF) with controlled pore structure by electrode-
position on silkscreen printed templates, which shows excellent performance as the matrix of rechargeable
Ni-metal hydride battery (Ren et al., 2018). In this article, we develop a new technology to produce free-stand-
ing TPNFs with much smaller pore size and higher pore density by combining laser drilling and electrodepo-
sition. By using the laser drilling technique, pore arrays were drilled on a stainless steel sheet, which were
subsequently filled with epoxy resin, obtaining the template for Ni deposition. Owing to the insulating nature
of epoxy resin, Ni could only be deposited on the nonporous area of stainless steel sheet, forming porous
films. After peeling the Ni layer off from the template surface, free-standing TPNFs were obtained. By using
TPNFs as the current collector, we fabricated solid-state asymmetric supercapacitors, which show high true
performance and excellent flexibility. To demonstrate the superiority of the TPNF current collector, a nonpo-
rous Ni film and commercial Ni foam were employed as comparison in this article.

RESULTS
Preparation of TPNFs with Excellent Porous Structure

Figure 1 depicts the detailed procedure for producing TPNFs. A laser machine was used to drill through
pores on a stainless steel sheet (Figure 1A). A tape was stuck on one side of the porous stainless steel sheet.
Epoxy resin was subsequently filled in the pores (Figures 1B and 1C). Then, the tape was removed (Figures
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Template

Front side .

Figure 2. Characterization of Template and TPNF

(A and B) Low- (A) and high- (B) magnification scanning electron micrographs of porous stainless steel sheet. Scale bars:
500 pm in (A) and 200 pm in (B).

(C) Scanning electron micrograph of template showing a pore filled with epoxy resin. Scale bar, 10 pm.

(D and E) Scanning electron micrographs of front (D) and back (E) sides of TPNF. Scale bars, 200 um. Insets: high-
magnification scanning electron micrographs. Scale bars in insets, 20 um.

(F) Cross-sectional scanning electron micrograph of the TPNF deposited for 2 hr at 1 mA cm 2. Scale bar, 5 um.

(G) Optical image of a large-area TPNF (8 x 10 cm?) showing the translucency. Scale bar, 2 cm.

(H) Optical image of the TPNF floating on water, indicating the lightness. Scale bar, 5 cm.

(I'and J) Optical images of the TPNF wrapped on a thin glass rod (I) and unfolded (J), showing the flexibility. Scale bars, 2 cm.
See also Figure S1.

1D and 1E). After the epoxy resin dried, the stainless steel sheet filled with epoxy resin was employed as the
template to deposit Ni (Figure 1F). After a certain time of deposition, the Ni layer was stripped from the
template and free-standing TPNFs were obtained (Figure 1G).

Figures 2A and 2B show the low- and high-magnification scanning electron micrographs of the porous stain-
less steel sheet, respectively. The pore size is 20 um, and the distance between the edges of two adjacent
pores (named as rib width hereafter) is 35 pm. Figure 2C shows the scanning electron micrograph of a pore
filled with epoxy resin. It is observed that the epoxy resin and stainless steel sheet are seamlessly bonded,
which is important for obtaining smooth TPNFs and their stripping. Figures 2D and 2E show the scanning
electron micrographs of the two sides of the obtained TPNFs. The back and front sides are defined as those
close to and away from the template surface, respectively. The two sides show about similar appearance. As
expected, the pore shape, size, and rib width of TPNFs resemble those of the template. The TPNFs possess a
high pore density of 40,000 pores cm~2, by counting the number of through pores in a specified area of the
scanning electron micrographs. This value is much larger than that of Ni foam (=2-52 pores cm™).
Correspondingly, a surface area of =0.38 m? g~ is obtained, which is much higher than that of the
Ni foam (=0.16 m? g’1) (Xu et al., 2016) and nonporous Ni film with a thickness of 2.5 pm (=0.04 m? 971).
TPNFs with different thicknesses were produced by monitoring the deposition time and current density
(Figures 2F and S1). When depositing for 2 hr at 1 mA cm 2, we produced a TPNF with an ultrasmall thickness
of 2.5 um, as indicated by the cross-sectional image (Figure 2F). The TPNFs possess a low areal mass density
0f13.5gm~2, which is lower than =25 gm~2 of the nonporous Ni film (2.5 um in thickness) and 260 g m~2 of
the Nifoam (200 um in thickness). The present technique is capable of producing large-area TPNFs, which is
dependent on the size of template. Figure 2G shows the optical images of a TPNF with an area of 8 x 10 cm?.
Due to the small thickness and the presence of numerous through pores, the TPNF shows a translucent
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nature. As shown in Figure 2H, the TPNF can float on water easily, indicating its lightness. Then, we wrapped
the TPNF tightly on a thin glass rod (Figure 2I). After unfolding, the TPNF was restored to the original state,
implying its excellent flexibility and mechanical strength (Figure 2J). In addition, the TPNFs possess a high
conductivity of 2 x 10°S m~", which is more than two orders of magnitude higher than 1.43 x 10*Sm~" of
Nifoam. In principle, the template can be used many times, lowering the production cost. As shown in Fig-
ure S2, by using the same template, the TPNF prepared for the 15th time is identical that prepared for the
first one, indicating the high working stability of the template.

Fabrication of MnO, Electrodes with High Active Mass Loading

Then we used the TPNFs as current collectors to fabricate supercapacitor electrodes. MnO, was selected
as the active material and deposited on the TPNFs to form binder-free electrodes. Binder-free electrodes
decrease the proportion of inactive components and the electrical resistance caused by the binder. The
details of the preparation process are described in the Transparent Methods. For comparison, MnO,
was also deposited on the Ni foam and nonporous Ni film under the same conditions. The typical X-ray
diffraction (XRD) pattern of the electrodes shows three strong peaks at 44.5°, 51.8°, and 76.4°, which can
be indexed to Ni (111), (200), and (220) planes (JCPDS No. 04-0850) of the TPNF substrate, respectively
(Figure S3). In addition, two weak peaks appear at 37.0° and 66.0°, which can be indexed to the (100)
and (110) planes of akhtenskite MnO, (JCPDS No. 30-0820), respectively. The X-ray photoelectron spec-
troscopy (XPS) spectra further prove the formation of MnO; on the TPNFs (Figure S4).

Figures 3A-3D show the optical images of MnO,-covered TPNFs after depositing for different times. It is
observed that with the increase of deposition time from 10 to 60 min, the electrodes become opaque from
translucent. The calculated mass loadings of MnO, are 0.6, 1.4,4.3,and 8.2 mg cm~? after depositing for 10,
20, 40, and 60 min, respectively. Figure 3E shows the scanning electron micrographs of the MnO, depos-
ited for 60 min. It is found that the MnO; films deposited on the TPNFs are continuous and uniform without
any cracks even at a high mass loading of 8.2 mg cm ™2, indicating the superior anchoring effect of the dense
through pores. On the contrary, serious cracking was observed for the MnO;, films deposited on Ni foam at
the same mass loading of 8.2 mg cm ™2 (Figure S5). The MnO; films are composed of vertically grown nano-
sheets, which interlace to form porous structure (Figures 3F and Sé). The average thickness of the nano-
sheets is as small as <10 nm. The small thickness and interspace of MnO, nanosheets make them fully
exposed to the electrolyte, which could increase their utilization efficiency. MnO, nanosheets also grew
on the side walls of the through pores, resulting in the formation of funnel-like morphology with slope sur-
face (Figures 3G and 3H). Due to the growth of MnO; nanosheets, the diameter of the through pores
decreased sharply, leaving a very small through pore of only hundreds of nanometers in diameter finally
at the funnel center (Figure 3G). As a result, MnO; films on the TPNFs present a unique undulating
morphology, rising and falling at the rib and pore areas, respectively, which can be vividly observed in
the oblique view image shown in Figure 3H. Obviously, generation of through pores in the TPNFs could
increase the mass loading of active materials due to growth on the side walls compared with the nonporous
metallic foils. The small pore size that remains after growing MnO, nanosheets ensures full utilization of the
space in TPNFs, avoiding the volume waste occurring for Ni foam simultaneously (Figure S5). The thickness
and crystal structure of the nanosheets were also observed in high-resolution transmission electron micro-
scopic (HRTEM) images (Figure S7). From the nanosheets standing on the sample holder, it was observed
that the nanosheets are generally smaller than 10 nm in thickness, in good agreement with the scanning
electron micrographs and low-magnification TEM images. On an HRTEM image taken from a nanosheet
lying flat on the sample holder, lattice fringes with interplanar spacings of 0.242 and 0.163 nm were
observed, corresponding to (100) and (102) planes of akhtenskite MnO5, respectively. Selected-area elec-
tron diffraction (SAED) pattern shows observable diffraction rings corresponding to (100) and (102) planes
of akhtenskite MnO,. These results are in accordance with the measured XRD results.

Figures 3l and 3J show the energy-dispersive X-ray (EDX) mapping images of Mn and O elements corre-
sponding to the area shown in Figure 3G, which reveal that the two elements distribute uniformly on the
TPNFs, confirming uniform growth of MnO; nanosheets. Analogous to the scanning electron micrograph
in Figure 3G, Mn and O elements form a funnel shape with a greatly shrunk through pore at the center in the
mapping images. The diameter of the remaining through pore is = 260 nm, which is obtained from the Mn
distribution (Figure 3l). Figure 3K shows the composition distribution curves measured by EDX along the
line across the pore shown in Figure 3G. The curve shape well reflects the funnel shape of the MnO, film
at the pore region. The diameter of the remaining through pore obtained from the curves is similar to
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Figure 3. Materials Characterization of MnO, Deposited on TPNFs

(A-D) Optical images of the electrodes deposited for 10 min (A), 20 min (B), 40 min (C), and 60 min (D). Scale bars, 1 cm.

(E) Scanning electron micrograph of the electrode deposited for 60 min. Scale bar, 200 um. Inset: higher magnification

scanning electron micrograph. Scale bar in inset, 20 um.

(F and G) Scanning electron micrographs of MnO; nanosheets deposited for 60 min at the rib (F) and pore (G) regions.

Scale bars, 500 nm.

(H) Scanning electron micrograph of the electrode deposited for 60 min taken by tilting the sample. Scale bar, 10 um.

(I'and J) EDX mapping images of Mn (I) and O (J) elements taken from (G). Scale bars, 500 nm.

(K) Composition distribution along a line shown in (G).

(L) Optical image of the electrode deposited for 60 min under ultrasonic vibration. Scale bar, 1 cm.

See also Figures S2-S8.

that obtained from the Mn mapping image. As the deposition time further increased to 80 min, the mass
loading of MnO, nanosheets reached 11.7 mg cm 2 and the nanosheets on the side walls merged with each
other and fully filled the through pores (Figure S8). Retaining the through pores during the growth process
of MnO; nanosheets is important, which could make the active materials more exposed to the electrolyte.
To test the adhering strength of the nanosheets on TPNFs, we put the electrode deposited for 60 min in
water under ultrasonic vibration (Figure 3L). During the ultrasonic vibration, no obvious detachment of
MnO, was observed, demonstrating the strong adhesion of MnO, nanosheets on TPNFs. This high
mechanical stability is an important favorable condition to obtain high electrochemical stability of the elec-
trodes. We compared the mass percentage of MnO, active materials in the electrodes prepared using
different current collectors. At the same mass loading of 8.2 mg cm™2, the mass ratio of MnO, to current
collector is as high as 6.1 when using TPNF (2.5 pm in thickness) as the current collector, which is higher
than 3.3 and 0.3 for the electrodes using nonporous Ni film (2.5 pm in thickness) and Ni foam (200 pm in
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Figure 4. Electrochemical Characterization of MnO, Electrodes

A) CV curves of MnO, nanosheets on TPNFs with different mass loadings at 100 mV s .

(
(B) CV curves of MnO; nanosheets on different current collectors with 8.2 mg cm~? mass loading at 100 mV s

(C) GCD curves of MnO, nanosheets on different current collectors with 8.2 mg cm ™2 mass loading at 7 mA cm™2.

(D) CV curves of MnO; nanosheets on TPNF with 8.2 mg cm~? mass loading at different scan rates.

(E) Specific capacitances of MnO, nanosheets on different current collectors with 8.2 mg cm™2 mass loading at different
current densities.

(F) Specific capacitances of MnO, nanosheets on different current collectors with different mass loadings at 3.5 mA cm ™2,

(G) Cycling stability of the electrodes using different current collectors with 8.2 mg cm~? mass loading tested at 17.5 mA cm ™2,
(H) Nyquist plots of the MnO,/TPNF electrodes with different mass loadings. Inset: equivalent fitting circuit and magnified
Nyquist plots.

(Iy Nyquist plots of the electrodes using different current collectors with 8.2 mg cm™2 mass loading. Inset: magnified
Nyquist plots.

See also Figure S9.

thickness, the thinnest obtained commercially) as the current collectors, respectively. This is ascribed to the
high-density through pores and low areal mass density of TPNFs. The low areal mass density of TPNF cur-
rent collector and the high mass loading of MnO, nanosheets increase the energy density based on the
total cell weight.

Effect of Current Collectors on Electrode Performance

We tested the electrochemical performance of the MnO,/TPNF electrodes depositing MnO;, for different
times in a three-electrode system in 5 mol L' LiCl electrolyte. Figure 4A shows the cyclic voltammetry (CV)
curves of the electrodes tested at a scan rate of 100 mV s~ All of them present a rectangle-like shape even
at high mass loadings, meaning ideal capacitive behavior and fast charge/discharge trait for the elec-
trodes. As the mass loading increased from 0.6 to 8.2 mg cm~?, the enclosed area of CV curves increased,
implying the increase of areal specific capacitance. When the mass loading further increased to 11.7 mg
cm ™2, the specific capacitance decreased. This should be because the penetrating depth of electrolyte
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is below the thickness of active materials and the electrolyte is unable to penetrate into the active materials
from the side walls due to disappearance of the through pores at too high mass loading, resulting in the
decrease of utilization efficiency of active materials. For comparison, we also tested the MnO; electrodes
on Nifoam and nonporous Nifilm with the same mass loading, as shown in Figure 4B. Itis indicated that the
MnO,/TPNF electrode shows better capacitive performance as its CV curve is closer to rectangular shape.
The enclosed area of the CV curve for MnO,/TPNF electrode is much larger than those for MnO,/Ni foam
and MnOs/nonporous Ni film electrodes. The corresponding galvanostatic charge/discharge (GCD) curve
for the MnO,/TPNF electrode shows much longer discharge time than the other two electrodes at a current
density of 7 mA cm~2 (Figure 4C). These results indicate that the TPNF is far superior to Ni foam and nonpo-
rous Ni film as the current collector.

Figure 4D shows the CV curves at different scan rates for the MnO,/TPNF electrode with 8.2 mg cm ™2 mass
loading. Itis found that the rectangle-like shape does not change much with increase in the scan rate. GCD
curves at different current densities were also measured (Figure S9). From the GCD curves, a high specific
capacitance of 3.3F cm~2(402.4 F g ") is calculated at a current density of 3.5 mA cm 2, which is larger than
1.7Fem~2(207.3F 971) of MnO,/Nifoam electrode and 0.6 Fem™2 (73.2 F 971) of MnOy/nonporous Ni film
electrode, respectively. Figure 4E shows the relationship between the specific capacitance and current
density at a mass loading of 8.2 mg cm 2. Clearly, with the increase of current density, the specific capac-
itance decreases. It is noteworthy that the specific capacitance of MnO,/TPNF electrode at 70 mA cm™2 is
higher than those of the other two electrodes at 3.5 mA cm ™2, indicating the excellent rate performance of
MnO,/TPNF electrode. Figure 4F shows the relationship between the areal specific capacitance and mass
loading at a current density of 3.5 mA cm™2. For all electrodes, as the mass loading increases, the specific
capacitance increases and reaches a maximum value and then decreases. At the same mass loading,
MnO,/TPNF electrode shows higher specific capacitance than the other two electrodes. The electrochem-
ical stability was measured for different electrodes at 17.5 mA ecm™2 (Figure 4G). After 5,000 cycles, capac-
itance retentions of 89%, 65%, and 31% were obtained for the MnO,/TPNF, MnO,/Ni foam, and MnO,/
nonporous Nifilm electrodes, respectively. The superior performance of MnO,/TPNF electrode is ascribed
to the unique structure of TPNF current collector. The high pore density and surface area of TPNF make
more MnO; nanosheets exposed to the electrolyte through the through pores, increasing the utilization
efficiency of MnO, and shortening the charge transport distance, thus increasing the specific capacitance
and rate performance. Besides, the high pore density and surface area of TPNF enhances the bond
strength of MnO; nanosheets on TPNF by increasing the contact area and anchoring points, releases
the internal stress of electrodes, and thus prevents the exfoliation of MnO; nanosheets, which result in
the excellent cycling stability.

Electrochemical impedance spectroscopy was used to understand the above results. The frequency range
and AC perturbation are 0.01 Hz-100 kHz and 5 mV, respectively. Figure 4H shows the Nyquist plots of the
electrodes at different mass loadings and the corresponding equivalent fitting circuit (inset). The intercepts
in the high frequency at the horizontal axis correspond to the bulk resistance (R,) including the electrode
and electrolyte and the diameters of the semicircles correspond to the charge transfer resistance (R.y) (Zhou
et al., 2013). It is indicated that as the mass loading increased from 0.6 mg cm™2 to 11.7 mg cm ™2, the
R, increased from 2.2 to 15 Q and the R increased from 76 to 250 Q. Figure 41 shows the Nyquist plots
of the electrodes with different current collectors. Three electrodes exhibit slightly different R, values.
However, the R shows a big difference, which is 250, 875, and 2,200 Q for MnO,/TPNF, MnO,/Ni foam,
and MnO,/nonporous Ni film electrodes, respectively. The difference in the R, values can be ascribed
to the difference in the pore structure and surface area of the current collectors. TPNFs possess the highest
pore density and surface area. As stated above, at the same mass loading, high pore density and surface
area increase the contact area and anchoring points of MnO, nanosheets on the current collectors, which
enhances the bonding and decreases the R at the interfaces.

Development of Supercapacitors with High True Performance and Flexibility

To evaluate the practicability of the electrodes, we assembled solid-state asymmetric supercapacitors us-
ing MnO,/TPNF as the positive electrode. MoOj3_, was electrodeposited on TPNFs as the negative elec-
trode, and polyvinyl alcohol (PVA)/LICl gel was used both as the electrolyte and separator. The details for
preparing MoO3_, electrodes and supercapacitors are described in the Transparent Methods (Supple-
mental Information). The scanning electron micrographs and TEM images indicate that the MoO3_, films
are composed of ultrafine particles less than 80 nm with Mo and O elements uniformly distributed
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Figure 5. Characterization of the Packaged Flexible Solid-State Supercapacitor

(A) Diagram of a packaged full cell.

(B) Cross-sectional scanning electron micrograph of the cell. Scale bar, 50 pm.

(C) Matching of MnO, and MoO5_, electrodes at 20 mV s

(D) CV curves of the cell at different scan rates.

(E) GCD curves of the cell at different current densities.

(F and G) Ragone plots of the cell based on the packaged cell weight (F) and volume (G).
(

H) Optical images of a light-emitting diode powered by two tandem cells with areas of 2 x 8 cm? in different bending states. Scale bar, 2 cm.
See also Figures S10-522.

(Figures S10-512). From the XRD pattern, it is indicated that MoO3_, is composed of Mo170,47 and MoO3
(Figure $13). The XPS spectra demonstrate coexistence of Mo®* and Mo®* in the Mo oxides (Figure S14).
The HRTEM image indicates that the MoO3_, particles contain two types of crystal domains with interpla-
nar spacings of 0.308 and 0.195 nm, which correspond to (041) plane of Mo17047 and (061) plane of MoOy3,
respectively (Figure S15). This agrees well with the SAED and XRD patterns, further confirming that the
MoQ3_, particles are composed of Mo170,47 and MoOj3 crystal domains.

Figure 5A shows the diagram of a packaged full cell. The cell was sealed using polyethylene films with a
thickness of 35 um. The optimized mass loading of MoO3_, is 11.2 mg cm~2. Correspondingly, the mass
proportions of MnO,/TPNF, MoOs_,/TPNF, PVA/LICl, and polyethylene are 24.6 wt %, 32.2 wt %,
13.6 wt %, and 29.6 wt %, respectively. The proportion of TPNF current collector is as low as 6.9 wt %.
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Figure 5B shows the cross-sectional scanning electron micrograph of the cell with a thickness of =100 pm
containing electrodes and PVA/LICl electrolyte/separator. Therefore, the total thickness of the packaged
cellis as small as =170 um. As shown in Figures 5C, S16, and S17, the MoO3_, electrode works well within a
potential window from —0.8 to 0 V. Assuming the sum of the potential range of MnO, and MoO3_, as the
total cell voltage, the cell is expected to work in a voltage window up to 1.6 V. It is demonstrated that as the
voltage window extends to 1.6V, the CV curves still keep a quasi-rectangular shape, confirming that the cell
can work well under this voltage window (Figure S18). Figure 5D shows the CV curves of an optimized cell
measured at different scan rates between 0 and 1.6 V. The quasi-rectangular shapes are indicative of ideal
capacitive behavior (Mefford et al., 2014; Tang et al., 2012). The triangular GCD curves at different current
densities are shown in Figure 5E. The maximum specific capacitance of the cell calculated from the GCD
curves reaches 169.6 F g7' (2.4 F cm™2, 240 F cm ™) at 7.7 mA cm™2. Even at a high current density of
70 mA cm 2, the specific capacitance remains at 46.2 F g’1 (0.66 Fcm ™2, 66 Fcm™3), indicating the excellent
rate capability. With respect to cycling stability, a high capacitance retention of 90% is obtained after
5,000 charge/discharge cycles at a current density of 31.8 mA cm™2 (Figure 519). As shown in the Nyquist
plot, the cell possesses low R, (8 Q) and R, (25 Q) (Figure S20).

The calculated gravimetric energy density of full cell based on the active materials reaches 60.3W hrkg ™"

at
a power density of 434.2 W kg™'. Importantly, based on the total weight of the packaged cell containing
active materials, TPNF current collector, PVA/LiCl electrolyte/separator, and packaging, our cell possesses
a high energy density of 30.1 W hr kg™ at a power density of 216.5 W kg™ (Figure 5F). It is more than three
times the energy densities of advanced commercial supercapacitors including electrochemical double
layer capacitors and pseudocapacitors with different specifications (<10 W hr kg™"). On the other hand,
owing to the small thickness of TPNF current collector, the maximum volumetric energy density reaches
50.4 W hr L~" at a power density of 362.9 W L™" (Figure 5G). This performance is much higher than that
of the commercial supercapacitors. At high power density of 4.9 kW L™, high energy density of 20.5 W
hr L' was still obtained, further indicating the superior performance. It is noteworthy that all these high
values are obtained at a high active mass loading of 19.4 mg cm~? including MnO, and MoOs_,, indicating
the high application potential of our supercapacitors. In recent years, metal-free current collectors, espe-
cially carbon fiber cloth, have been widely used to fabricate supercapacitors (Xiao et al., 2012; Huang et al.,
2018). When compared with carbon cloth (>0.3 mm in thickness), the TPNF current collector possesses
much smaller thickness, which contributes to higher volumetric energy density. Besides, the areal mass
density of TPNF is much lower than that of carbon cloth (126 g m~2,0.32 mm in thickness). The low areal
mass density combined with the high mass ratio of active materials to current collector endows our super-
capacitors with higher gravimetric energy density. The energy densities exceed those of all the reported
supercapacitors in the literatures (Yu et al., 2017; Ji et al., 2013; Huang et al., 2018; Song et al., 2017).
The superior performance of our supercapacitor demonstrates that the TPNF is an excellent current
collector.

To evaluate the flexibility, the cell was bent in an angle range from 0° to 180°, where the CV curves remain
nearly overlapped at a scan rate of 100 mV s™' (Figure S21). When the cell was bent in 90° angle for
1,000 times, the specific capacitance stabilized around 1.2 F cm™2 at 31.8 mA cm ™2, which almost has no
degradation compared with the flat state, implying superior flexibility (Figure S22). To demonstrate
the capability for large-scale fabrication of this technology, we assembled two cells with an area of
2 x 8 cm? and connected them in series. After being charged to 3.2V, the tandem device successfully
powered a red light-emitting diode (Figure 5H). Owing to the excellent flexibility, the brightness of the
light-emitting diode did not change when bending the cells in different states.

DISCUSSION

In conclusion, by combining laser drilling and electrodeposition techniques, we have developed a new
flexible TPNF. The true performance of supercapacitors has been greatly enhanced by using the TPNF
as the current collector. The fabricated supercapacitors exhibit excellent flexibility and very high energy
densities of 50.4 W hr L=" and 30.1 W hr kg™" based on the packaged cell with high active mass loading,
which outperform the supercapacitors in the literatures and commercial supercapacitors. Because both
laser drilling and electrodeposition are industrialized techniques easily scaled up, we expect that the
present technology can be used for large-scale production of TPNFs and supercapacitors. The present
strategy provides a new opportunity for promoting the further development of supercapacitors by
enhancing the true performance. Our study demonstrates the fabrication of through-pore structured

146 iScience 9, 138-148, November 30, 2018

Cell



iScience Cell

metallic films for use in advanced energy systems and opens up a new route for enhancing the energy den-
sity of various energy storage devices.

Limitations of the Study

For the currently used laser machine, it is difficult to further decrease the pore size and increase the pore
density of TPNFs, which limits further enhancement of the supercapacitor performance. It is anticipated
that by employing more precise laser machines, the pore structures and areal mass density of the TPNFs
can be further optimized, achieving higher true performance of the supercapacitors.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Figures

Figure S1. Cross-sectional SEM images of free-standing TPNFs deposited at 1 mA cm2for different
time, Related to Figure 2

(A-D) Cross-sectional SEM images of the TPNFs deposited for 8 hr (A), 6 hr (B), 4 hr (C), and 3 hr (D).
Scale bars, 5 um.



Figure S2. SEM image of the TPNF prepared for the fifteenth time, Related to Figure 2
Scale bar, 200 pm.
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Figure S3. XRD pattern of MnO2/TPNF, Related to Figure 3
The peaks at 44.5°, 51.8°, and 76.4° originate from the TPNF, which can be indexed to Ni (111), (200), and
(220) planes (JCPDS No. 04-0850). The two peaks at 37° and 66° can be indexed to (100) and (110) planes
of MnO2 (JCPDS No. 30-0820), respectively.
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Figure S4. XPS spectra of the MnO> on TPNFs, Related to Figure 3
(A) Survey spectrum.
(B) Mn 2p spectrum. The binding energies of Mn 2psz and Mn 2p12 are centered at 642.4 and 654.1 eV,
respectively, with a spin-energy separation of 11.7 eV, which is in good agreement with the previous reports
for MnO2 (Chen et al., 2013).
(C) O 1s spectrum. The O 1s spectrum displays two peaks at 529.9 and 532.5 eV, being characteristic of
the oxygen in oxides (Mn-O-Mn) and bound water (H-O-H) (Wu et al., 2010; Xia et al., 2010), respectively.



Figure S5. SEM image of MnO2/Ni foam electrode with a mass loading of 8.2 mg cm-2, Related to
Figure 3
Scale bar, 100 pm.



Figure S6. TEM and EDX mapping images of MnO2 nanosheets, Related to Figure 3

(A and B) TEM (A) and high-angle annular dark field scanning TEM (B) images of MnO2 nanosheets. Scale
bars, 100 nm (A) and 200 nm (B).

(C and D) EDX mapping images of Mn (C) and O (D) taken from panel B. The EDX mapping images indicate
that Mn and O are uniformly distributed. Scale bars, 200 nm.
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Figure S7. HRTEM images and SAED pattern of MnO; nanosheets, Related to Figure 3

(A—C) HRTEM images. In panel A, the upright darker regions correspond to the nanosheets standing on
the sample holder and other lighter regions correspond to the nanosheets lying flat on the sample holder.
Panels B and C are the magnified images of | and Il regions in panel A, respectively. The interplanar
spacings of 0.242 and 0.163 nm correspond to (100) and (102) planes of MnO2, respectively. Scale bars,
10 nm (A), 2 nm (B), and 2 nm (C).

(D) SAED pattern. The SAED pattern shows observable diffraction rings corresponding to the (100) and
(102) planes of MnO2. Scale bar, 10 1/nm.



Figure S8. SEM images of MnO; covered TPNF when depositing for 80 min, Related to Figure 3

(A and B) Low (A) and high (B) magnification SEM images of MnO2z covered TPNF. Scale bars, 5 um (A)
and 1 um (B).

(C) Enlarged SEM image of MnO: taken from the rectangular region in panel B. Scale bar, 500 nm.
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Figure S9. GCD curves of the MnO,/TPNF electrode with 8.2 mg cm~ mass loading at different

current densities, Related to Figure 4




Figure $10. SEM image of electrodeposited MoOs- films on TPNFs, Related to Figure 5
Scale bar, 1 um.



Figure S11. TEM image of electrodeposited MoOs-x, which shows the ultrafine MoOs-x particles less
than 80 nm, Related to Figure 5
Scale bar, 500 nm.



Figure S12. TEM and EDX mapping images of MoOs-x, Related to Figure 5

(A) High-angle annular dark field scanning TEM image of MoOs-y. Scale bar, 50 nm.

(B and C) EDX mapping images of Mo (B) and O (C) elements taken from panel A, indicating that Mo and
O elements are uniformly distributed. Scale bars, 50 nm.
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Figure S13. XRD pattern of MoOs-x/TPNF, Related to Figure 5

The peaks at 44.5°, 51.8°, and 76.4° originate from the TPNF, which can be indexed to Ni (111), (200), and

(220) planes (JCPDS No. 04-0850). Three discernible peaks appearing at 21°, 26.3°, and 35.6° can be

indexed to (510), (620), and (061) planes of M017047 (JCPDS No. 13-0345), respectively. Two discernible

peaks appearing at 23.3° and 42.4° can be indexed to (110) and (141) planes of MoOs (JCPDS No. 35-

0609), respectively.
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Figure S14. XPS spectra of MoOs-«, Related to Figure 5

(A) XPS survey spectrum of MoOs-y.

(B) XPS spectrum of Mo 3d. Peaks corresponding to Mo8* and Mo®* were both observed. The binding

energies of Mo 3dsz and Mo 3dsz are located at 232.9 eV and 236 eV, respectively, indicating the existence

of Mo%* (Xiao et al., 2012). The binding energy of 230.9 eV indicates existence of Mo®*.
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Figure S15. HRTEM image and SAED pattern of MoO3;-x, Related to Figure 5

(A) HRTEM image. The interplanar spacings of 0.308 and 0.195 nm in HRTEM image correspond to (041)
plane of Mo17047 and (061) plane of MoOs, respectively. Scale bar, 10 nm.

(B) SAED pattern. The SAED pattern shows diffraction rings corresponding to (041) plane of Mo17047 and
(061) plane of MoOs. Scale bar, 10 1/nm.
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Figure S16. CV curves of the MoOs-x/TPNF electrode at different scan rates, Related to Figure 5
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Figure S17. GCD curves of the MoOs-x/TPNF electrode at different current densities, Related to

Figure 5
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Figure S18. CV curves of the asymmetric supercapacitor in different voltage ranges at a scan rate
of 100 mV s™, Related to Figure 5
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Figure S19. Cycling stability of the asymmetric supercapacitor tested at 31.8 mA cm™2, Related to
Figure 5
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Figure S20. Nyquist plot of the asymmetric supercapacitor, Related to Figure 5
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Figure S21. CV curves of the flexible asymmetric supercapacitor with different bending angles at
100 mV s™, Related to Figure 5
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Figure S22. Bending stability of the flexible asymmetric supercapacitor at 90° angle for 1,000 times
tested at 31.8 mA cm™2, Related to Figure 5



Transparent Methods

Materials

Anhydrous sodium sulfate (Na2SOs), anhydrous lithium chloride (LiCl), manganese acetate
(Mn(CH3COOQ)z2), nickel sulfate (NiSO4), sodium dodecyl sulfate (SDS), sodium chloride (NaCl), and boric
acid (HsBOs) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ammonium
acetate (CH3sCOONHa4), sodium molybdate (Na2MoOs), and ethylenediamine tetraacetic acid disodium
(Na2EDTA) were purchased from Aladdin (Shanghai, China). Polyvinyl alcohol (PVA, Mw 89,000-98,000)
was purchased from Sigma Aldrich (America). All reagents were of analytical grade and used as received.

Preparation of Electrodeposition Template

Through pores were drilled on a stainless steel sheet with a thickness of 150 um using an ultraviolet laser
engraving machine. A tape was stuck on one side of the porous stainless steel sheet and epoxy resin was
poured onto the other side to fill the pores. After 30 min, the tape was peeled off. Then, it was dried at 50°C
in a vacuum drying oven and the template was obtained.

Preparation of TPNFs

The TPNFs were prepared by Ni electrodeposition using a direct-current power supply (DH719A-2, Beijing
Dahua Radio Instrument Factory, Beijing, China). The template and a Ni rod were used as the negative and
positive electrode, respectively. The deposition solution is composed of NiSO4 (1 mol L™1), NaCl (0.1 mol
L"), HsBOs (0.4 mol L"), and SDS (0.3 mmol L™"). The deposition was performed in the constant current
mode, and the current density was 1 mA cm2. After deposition for a certain time, a sharp tweezer was used
to separate the TPNF from the stainless steel sheet at the corner, followed by peeling slowly. Then, the
stripped TPNFs were dried at 60°C in a vacuum drying oven. For the preparation of nonporous Ni film, a
nonporous stainless steel sheet was used as the negative electrode with other parameters unchanged.

Pore Density Calculation for Ni Foam
The pore density of Ni foam was calculated by transforming the unit of PPl (pores per inch) to pores per
square centimeter. 1 inch is equal to 2.54 cm. The typical pore density of commercial Ni foam is 5-130 PP,
which corresponds to 2-52 pores cm™2,

Conductivity Test for TPNF and Ni Foam

The conductivity was tested by two-probe method using a digital multimeter (3238 DIGITAL HITESTER).
Two copper strips were connected onto the two opposite edges of TPNF (Ni foam) as the two electrodes.
The conductivity (o) was calculated by the equation: o = L/(R x S), where L, R, and S are the distance
between the two electrodes, electrical resistance, and cross-sectional area of the samples, respectively.

Preparation of Positive Electrode

MnO:2 was deposited onto the current collectors (TPNF, Ni foam, and nonporous Ni film) using an anodic
electrochemical deposition method with a constant potential of 0.8 V. The Ni current collectors, Pt wire, and
Ag/AgCl (3 mol L= KCI) electrode were used as the working, counter, and reference electrode, respectively.



MnO:2 was electrodeposited on the current collectors for 10, 20, 40, 60, and 80 min, respectively. The
deposition solution was composed of Mn(CH3COQ)2 (0.1 mol L") and Na2S04 (0.1 mol L™). After
deposition, the obtained electrode was rinsed with deionized water and dried at room temperature.

Preparation of Negative Electrode

MoOs- films were electrodeposited on the TPNFs. The deposition electrolyte was composed of Na2MoO4
(0.1 mol L"), Na2EDTA (0.1 mol L"), and CH3COONH3 (0.1 mol L™'). The deposition was carried out in
chronopotentiometry mode with a cathodic current density of 1 mA cm=2 for different time at 70°C.
Subsequently, the electrode was dried at room temperature. Then, the deposited MoOsz-x films were
annealed at 350°C for 90 min in a quartz tube furnace under Hz and Ar flow, whose flow rates are 20 and
200 sccm, respectively. The ramping rate is 5°C min=1,

Electrochemical Calculation for Three-Electrode System

The specific capacitance C (F g1, F cm™2, and F cm™3) of the electrodes was calculated from the GCD
curves as equation C = It/SU, where | (A) is the discharge current, t (s) is the discharge time, U (V) is the
potential change during the discharge, and S (g, cm?2, and cm?3) is the mass, area, and volume of the
electrodes.

Fabrication of Solid-State Asymmetric Supercapacitors

PVAJ/LICI gel was prepared by mixing PVA (6 g) and LiCl (3.4 g) in deionized water (60 mL) and heating at
90°C for 1.5 hr under vigorous stirring until the solution became clear. The supercapacitors were fabricated
by separating the positive and negative electrodes with PVA/LICl gel as the electrolyte and separator
simultaneously, and they were solidified at room temperature overnight. Then, the supercapacitors were
sealed using polyethylene films with a thickness of 35 pm. The optimized mass proportion of MNO2, MoO3-,
TPNFs, PVA/LICI, and polyethylene is 21.1 wt.%, 28.8 wt.%, 6.9 wt.%, 13.6 wt.%, and 29.6 wt.%,
respectively.

Electrochemical Calculation for Asymmetric Supercapacitors

The specific capacitance C (F g1, F cm~2, and F cm™3) of the supercapacitors was calculated from the GCD
curves as equation C = It/US, where | (A) is the discharge current, t (s) is the discharge time, U (V) is the
potential change during the discharge, S (g, cm?, and cm3) is the mass, area, or volume of the
supercapacitors. The energy densities E (W hr kg™t and W hr L™1) of the supercapacitors were calculated
from the GCD curves as equation E = CU?/(2 x 3.6), where C (F g~ and F cm~3) is the specific capacitance
of the supercapacitors, U (V) is the potential change during the discharge. The power densities P (W kg™
and W L) of the supercapacitors were calculated from the GCD curves as equation P = 3,600 x E/t.

Characterization Instruments

The structure of the materials was characterized by SEM (FEI Helios Nanolab 600i, 5 kV), TEM/High-angle
annular dark field scanning TEM (FEI Image Corrected Titan G2 60-300, 300 kV), and XRD (Rigaku D/Max
2500PC, Cu Ko radiation, 1 = 1.5406 A). The bonding states and composition of the samples were
determined by XPS (MICROLAB350, VG Scientific Co., Ltd., UK) using a monochromatic Al Ko X-ray



source. Electrochemical testing was performed on a CHI 760D electrochemical workstation (Shanghai CH
Instrument Co., Ltd., Shanghai, China). In the three-electrode system, a Pt wire and Ag/AgCl (3 mol L
KCI) electrode were used as the counter and reference electrode, respectively. The adhering strength of
MnO:2 nanosheets on TPNFs was tested by an ultrasonic machine (40 kHz, Skymen Cleaning Equipment
Shenzhen Co., Ltd., Shenzhen, China).
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