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ABSTRACT: The in situ growth of active materials on 3D current
collectors (such as Ni foams) presents facile and efficient access to
high-performance supercapacitors. However, the low surface area of
current collectors limits the mass loading, microstructure, and
capacitive performance of active materials thereon. Herein, we
develop a novel surface modification with hierarchical N-rich
carbon nanosheets on Ni foams via a simple sol−gel method. At the
same time, its favorable effects on mass loading and utilization are
demonstrated using NiCoMn-carbonate hydroxide (NCM) as a
model active material. Specifically, the carbon modification greatly
boosts the current collector’s specific surface area and enables the
growth of dense NCM nanoneedles with controllable mass loading
ranging from 5.2 to 23.1 mg cm−2. Meanwhile, the correlation
between mass loading and utilization is systematically studied,
which shows the well-maintained energy storage efficiency due to the conducive surface modification. As a result, excellent
performance with the ultrahigh area-specific capacity of 19.36 F cm−2 at 2 mA cm−2 in the three-electrode configuration and
remarkable area-specific energy density of 1352 μW h cm−2 in the solid-state asymmetric device can be achieved, demonstrating a
prospective pathway toward facile and effective current collector designs for high-energy/power-density supercapacitors.
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1. INTRODUCTION
High-efficiency energy storage devices can compensate for the
intermittency of renewable energy such as solar and wind,
hence playing an essential role in dispatchable energy systems
and portable electrics. Supercapacitors (SCs) are among the
most promising candidates due to their long lifespan, high-
power density, and excellent rate capability.1−4 However, the
mass- and area-specific energy densities of SCs are relatively
lower than their battery counterparts, which severely hampers
their practical and widespread applications.5−7 Therefore,
increasing the areal specific energy density is crucial yet
challenging without sacrificing power density and longevity.

=E CU /22 (1)

=C nmCa t (2)

According to eqs 1 and 2, the area-specific energy density
(E) depends on the voltage window (U) and area-specific
capacitance (Ca), which closely relate to the mass utilization
(n), mass loading (m), and the theoretical capacitance (Ct) of
active materials.3,8 The voltage window (U) can be widened
using nonaqueous electrolytes or assembling them into
asymmetric configurations. The mass utilization (n) can be

promisingly boosted by nano-engineering and compositing
techniques that enhance the specific surface area (SSA) and
ion/electron conductivity. In addition, the mass loading (m)
depends on advanced electrode designs, such as active
materials’ in situ growth on 3D current collectors, while the
theoretical capacitance (Ct) is determined by the intrinsic
physicochemical nature of the active materials employed.
Remarkably, the mass loadings of electrodes prepared by the

conventional slurry-pasting method are generally less than 2.0
mg cm−2,9−14 far lower than the industry requirement (∼10
mg cm−2).15−18 Moreover, polymer binders, conductive
additives, and solvents inevitably reduce the overall capacitance
and increase production costs. In this context, the in situ
growth of active materials directly on the 3D conductive
matrix, for example, Ni foams, due to high conductivity, strong
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alkali resistance, uniform pore structure, and good mechanical
strength, are emerging as an alternative fabrication technology
and attracting extensive attention.19−23 The obtained self-
standing electrodes can avoid using additional inactive
materials and the complicated preparation procedures and
enable the tight binding of active materials on the current
collector with the concurrent prevention of material agglom-
eration. However, traditional Ni foams are facing some
bottlenecks in this scenario, which can be exemplified by its
intrinsically small SSA that severely limits the mass loading
capability (generally 0.8−5.0 mg cm−2).24−28 To the best of
our knowledge, the previously reported highest mass loading of
the in situ grown active materials on the Ni foam was ∼18 mg
cm−2,29 showing an area-specific capacitance of 2.79 F cm−2.
Apart from that, Ni foams’ surface characters (specific area,
composition, and microstructure) also affect the structure,
composition, and binding strength of active materials thereon.
Therefore, it is essential to modify the surface of Ni foams with
a higher SSA and more favorable chemical composition.
Ni foam modification is receiving more attention in both

academia and industry. The strategies can be divided into (i)
preparation process modification and (ii) surface modification.
(i) Ni foams are generally prepared using polyurethane as a
hard template and successively treated through chemical
pretreatment, Ni electrodeposition, and heating. Optimizing
the template and processing technology can adjust Ni foams’
composition, structure, and properties.30−33 (ii) Surface
modification refers to the surface corrosion,34 carbon coat-
ing,35−38 electrodeposition,39 oxidation,40,41 replacement,42

and so forth. The carbon coating can increase the SSA, elevate
electronic conductivity, and provide extra functions. However,
it is still challenging to achieve high-mass-loading capacitors by
optimizing the surface nature of Ni foam. To the best of our
knowledge, both the N-rich carbon nanosheet-modified Ni
foam and its application in SCs are not reported until now.
Based on these considerations, herein, a rational surface

modification on Ni foam current collectors by hierarchical N-
rich carbon nanosheets (denoted as NC@Ni) was developed
to improve the mass loading (m) and mass utilization (n) of
active materials simultaneously. Carbonate hydroxides are
employed to show the influence of the carbon nanosheet
modification due to their merits for intercalation spacing and
diverse morphology.43,44 Considering that multicomponent
materials synergistically affect the whole performance, we
adopted ternary NiCoMn-carbonate hydroxide (NCM for
short) as a case study rather than single metal compounds. It
was revealed that the carbon modification boosted the SSA of
Ni foam, thereby enabling the uniform growth of NCM
nanoneedles with controllable and high mass loadings (5.2−
23.1 mg cm−2). Compared with a fresh Ni foam, the NC@Ni
offered higher mass loadings and significantly superior
electrochemical performances, particularly in the area-specific
capacitance. Beyond that, an expanded voltage window (U) of
1.6 V and an outstanding area-specific energy density of 1352
μW h cm−2 were realized in solid-state asymmetric capacitors
(ASC) configuration, demonstrating the great promise of the
as-developed NC@Ni current collector design in the develop-
ment of high-performance SCs.

2. EXPERIMENTAL SECTION
2.1. Carbon Modification of Nickel Foams. All the chemicals

were of analytical grade and used without purification. Before the
carbon modification, Ni foams (>99.8% Ni; 1.5 mm thick; 380 g m−2

surface density; 95% porosity; Taiyuan yingze, China) were cleaned
using a 3 M HCl solution (10 min) and deionized (DI) water under
sonication to remove the surface impurities. The carbon nanosheet
modification on Ni foams was conducted via a simple sol−gel
method. Typically, Ni foams (1.0 cm × 4.0 cm) were placed in a
mixed solution of 0.8 g of Ni(CH3COO)2·6H2O (Aladdin), 1.0 g of
citric acid (Aladdin), 10 g of urea (99%, Aladdin), 75 mL of DI water,
and 25 mL of CH3CH2OH (99.7%, Anhui Ante Food Co., Ltd),
transferred into a water bath and maintained at 80 °C until all the DI
water and ethanol are volatile. The product was dried in a vacuum
oven at 60 °C for 12 h. Finally, the product was heated at 350 and 650
°C for each 2 h in Ar to obtain the NC@Ni. The Ni foams changed
from silver to black after the carbon coating.

2.2. Synthesis of NCM Nanoneedles. Metal carbonate
hydroxides can present higher rate capability and superior cycle
stability than oxides and hydroxides.45,46 Ternary NCM could balance
the cost, safety, and electrochemical performance well, likely due to
the synergistic effect among metals.11 Thus, NCM was employed as a
model active material to demonstrate the impact of carbon
modification in this work. The NCM nanoneedles were planted on
a NC@Ni and fresh Ni foam via a one-pot hydrothermal route. First,
2 mmol NiCl2·6H2O, 2 mmol CoCl2·6H2O, 2 mmol MnCl2·4H2O,
and 1.352 g of urea were dispersed to 30 mL of H2O under stirring to
obtain a homogeneous solution. Together with a piece of NC@Ni (or
Ni), the obtained pink solution was transferred into a Teflon-lined
autoclave (50 mL), sealed, and kept at 120 °C for 6 h. After cooling
down to room temperature, the product was washed with DI water
and ethanol and then dried in vacuum at 60 °C to obtain the final
product. Similarly, a series of metallic salts and urea amounts were
used to tune the mass loading of NCM on both substrates. The final
products were denoted as NCMX@NC@Ni or NCMX@Ni, where X
refers to the amount (mmol) of single metallic salt (Table S1).

2.3. Materials Characterization. The crystalline phases of all the
samples were analyzed using X-ray diffraction (XRD, PANalytical
X’Pert Pro X-ray, Cu Kα radiation, λ = 1.5418 Å, scan rate: 2° min−1).
The surface component was studied in a Thermo Scientific K-Alpha+
X-ray photoelectron spectroscopy (XPS) system. Fourier transform
infrared (FTIR) were carried out in a Nicolet iS5 FTIR in 400−4000
cm−1. Raman spectra were performed in a Raman spectrometer
(LabRam HR Evolution). The SSA was characterized using N2
adsorption−desorption apparatus (ASAP2460). The morphology,
microstructure, and element distribution were confirmed using
scanning electron microscopy (SEM, Zeiss Gemini500), high-
resolution transmission electron microscopy (HRTEM, Tecnai
G2F30, FEI), selected area electron diffraction (SAED, Tecnai
G2F30, FEI), energy-dispersive X-ray (EDX) mapping, and linear
scanning mapping (Tecnai G2F30, FEI).

2.4. Electrochemical Measurement. The electrochemical
performance was characterized using NCMX@NC@Ni or NCMX@
Ni as the working electrode (1.0 cm × 1.0 cm), Hg/HgO as the
reference electrode, Pt foil as the counter electrode, and 3 M KOH
solution as the electrolyte. Apart from that, the solid-state ASC
performance was evaluated in a two-electrode configuration using the
NCM2.0@NC@Ni as the cathode, activated carbon (AC) as the
anode, and polyvinyl acetate (PVA)/KOH solid films as the
electrolyte and separator. To prepare the PVA/KOH electrolyte, 5
g of PVA (Mw: 89,000−98,000, 99% hydrolyzed, Aldrich) was
dissolved in 30 mL of DI water at 85 °C until the solution became
apparent, and 8.4 g of KOH was dissolved in a beaker with 20 mL of
DI water. The two solutions were mixed under stirring for 2 h to
obtain a gel mixture at room temperature. For ASC assembly, the
PVA/KOH electrolyte was coated on the electrode surface. After
evaporating water at room temperature, the two electrodes were
recoated with the PVA/KOH electrolyte and pressed together. The
AC electrode was obtained by casting the slurry consisting of 80 wt %
AC, 10 wt % acetylene black, and 10 wt % poly(vinylidene fluoride)
on Ni foams and dried at 60 °C for 12 h.

Cyclic voltammetry (CV) curves, galvanostatic charge−discharge
(GCD) profiles, and electrochemical impedance spectroscopy (EIS)
plots were collected on a CHI660B electrochemical workstation
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(Chenhua, Shanghai) at room temperature. EIS was carried out at 10
mHz to 100 kHz with an amplitude of 5 mV.

3. RESULTS AND DISCUSSION

3.1. Material Structure and Composition Character-
ization. Scheme 1 shows the preparation of NC@Ni, NCM@

NC@Ni, and NCM@Ni. The carbon nanosheet modification
was conducted by dipping a Ni foam into the precursor gel
solution, then removing the excess solvent and thermal
treatment, which turned the silver Ni foam into black NC@
Ni with a considerable enrichment of the surface nanostruc-
ture. After that, the NCM nanoneedles were planted on the

Scheme 1. Schematic for the Modification Process of Ni Foams and the Preparation of NCM@NC@Ni and NCM@Ni
Composites

Figure 1. SEM images of (a−d) fresh Ni foams and (e−h) NC@Ni current collectors.

Figure 2. SEM images of NCMX@NC@Ni: (a1,a2) X = 0.5, (b1,b2) X = 1.0, (c1,c2) X = 2.0, and (d1,d2) X = 3.0 and NCMX@Ni: (e1,e2) X = 0.5,
(f1,f2) X = 1.0, (g1,g2) X = 2.0, and (h1,h2) X = 3.0.
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NC@Ni substrate using a hydrothermal method to yield
NCM@NC@Ni composites. The reaction mechanism can be
generally understood as follows45,47

+ → +CO(NH ) H O CO 2NH2 2 2 2 3 (3)

+ → +− +CO H O CO 2H2 2 3
2

(4)

+ → ++ −NH H O NH OH3 2 4 (5)

+ + →

=

+ − −2M CO 2OH M (CO )(OH)

(M Co, Ni, Mn)

2
3

2
2 3 2

(6)

The mass loading of NCM on NC@Ni can be controlled by
the dosage of metal salt upon the hydrothermal process,
offering a high mass loading of 23.1 mg cm−2 for NCM2.0. By
contrast, the absence of carbon modification results in
significantly less NCM loading on fresh Ni foams. More
detailed studies were performed below.
The surface morphologies of the fresh Ni foam and NC@Ni

were studied using SEM observations. Figure 1a shows that the
pristine Ni foam consists of robust Ni skeletons with a
relatively smooth surface, while the magnified SEM images
(Figure 1b−d) witness the massive Ni nanodots thereon. By
sharp contrast, the skeleton of NC@Ni is covered by abundant
carbon nanosheets, exhibiting a rough surface as shown in
Figure 1e,f. The carbon nanosheets deliver a substantial planar
width over 20 μm (Figure 1g) and a layered structure
consisting of nanosheets in thickness of ∼20 nm (Figure 1h).
Moreover, the carbon nanosheets interconnect to form slit-like
channels for interface exposure and ion transfer. According to
the mass change before and after the modification, the carbon

content is ∼10 wt % in the obtained NC@Ni. In addition,
carbon nanosheets derived from the precursor without Ni
support were also prepared. As shown in Figure S1, they
consistently exhibit the multilayered structure with large
lamellar spacing. The enriched N heteroatomic doping (∼30
wt %) and massive Ni nanoparticles (∼32 wt %) in the carbon
nanosheets have been demonstrated in our previous work.48

Figure S2 shows the N2 adsorption−desorption isotherm of
the fresh Ni foam, carbon nanosheets, and NC@Ni. The
isotherm curve of the pristine Ni foam overlap at the broad P/
P0 range of 0−0.95, suggesting the relatively weak N2−Ni
interaction (Figure S2a).49 The SSA of Ni foam is only 17.7 m2

g−1. By comparison, the carbon nanosheets show an IV-type
isotherm with an H3 type hysteresis loop (Figure S2b),
indicating the abundance of mesopores.50 The SSA of pure
carbon nanosheets is 301.2 m2 g−1. The isotherm of the NC@
Ni is shown in Figure S2c. The curve rises steadily and
increases P/P0 without distinct inflection, implying an entirely
different surface character. The SSA of NC@Ni is 45.8 m2 g−1.
The significantly boosted SSA from Ni to NC@C provides
more sites for the growth of active materials and thus enables
higher loading capability.
SEM images (Figure 2) were collected to determine the

morphological evolution of the NCM on both substrates.
Figure 2a−d shows that NCM nanoneedles vertically anchor
on the NC@Ni surface. These regular nanoneedles become
denser as the metal amount increases from 0.5 to 2.0 mmol in
the precursor solution. The high-density nanoneedles offer a
highly exposed surface and high mass loading for electro-
chemical reactions. The NCM mass loading at 0.5, 1.0, and 2.0
mmol metal dosage is 5.2, 10.6, and 23.1 mg cm−2,

Figure 3. (a) XRD patterns of all the NCM samples. (b) XRD patterns, (c) FTIR, and (d) Raman spectrum of the NCM2.0 powder deprived of
the NC@Ni substrate.
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respectively. However, the nanoneedles partially agglomerate
into microspheres and even transform into bulky structures
when the metal was raised to 3.0 mmol with a resulting mass
loading of 40.8 mg cm−2 (Figures 2d and S3). This result
suggests a loading limit for NC@Ni to maintain the
nanoneedle structure of NCM thereon. By sharp contrast,
the pristine Ni foam exhibits a much lower loading capacity,
resulting in NCM mass loading of 3.2 and 5.1 mg cm−2 at low
metal amounts of 0.5 and 1.0 mmol, respectively (Figure 2e,f).
Serious agglomeration and morphological deformation can be
observed at higher loadings, which is detrimental to the
exposure of active interfaces for capacitive storage (Figure
2g,h). Therefore, it is confirmed that the carbon modification
significantly boosts the maximum mass loading on the Ni
foam, which is expected to endow the corresponding
electrodes with favorably higher areal energy density.
The chemical composition of the NCM nanoneedles was

characterized by XRD, FTIR, Raman, and XPS. Figure 3a
shows that only the NCM2.0 and NCM3.0 samples show some
distinct diffraction peaks in addition to the strong peaks at 44.3
and 51.7° belonging to the Ni foam substrate. This result is
likely due to the higher mass loadings that render higher

crystallinity and XRD peak intensity. The bare NCM2.0 was
collected from NCM2.0@NC@Ni by strong sonication to
exclude the implication of the Ni substrate. The XRD pattern
in Figure 3b confirms the co-existence of Ni2(CO3)(OH)2
(PDF no. 35-0501), Co(CO3)0.5(OH)·0.11H2O (PDF no. 48-
0083), and MnCO3 (PDF no. 86-0173) in NCM2.0.
Figure 3c exhibits the FTIR spectrum of NCM2.0. The

broad peak at 3502 cm−1 corresponds to the stretching
vibration of the O−H bond, indicative of the presence of the
metal−OH layer. The peaks at 1449, 832, and 698 cm−1 are
assigned to ν(OCO2), ν(CO3), and ν(OCO), respectively,
confirming the existence of CO3

2− in the sample.51 Meanwhile,
the peaks at 959 cm−1 refer to the bending vibration of Ni/
Co−OH, while the one at 531 cm−1 corresponds to ρw (Co/
Ni−OH).25 The Raman spectrum (Figure 3d) shows two
characteristic peaks at 1354 and 1578 cm−1, ascribed to the D
and G band of carbon, respectively. The D band is derived
from the out-of-plane vibration of structural defects, while the
G band origins from the in-plane vibration of sp2 carbon.52

Apart from that, the peaks at 548 and 630 cm−1 are ascribed to
the vibration of Ni/Co−OH.46 The peaks at 747 and 1089

Figure 4.Microstructure characterization of the NCM2.0: (a−c) SEM images with different magnifications, (d) TEM image, (e,f) HRTEM images,
(g) SAED pattern, and (h−k) EDX mapping images: (h) survey, (i) Ni−K, (j) Co−K, and (k) Mn−K, (l,m) linear scanning of element
distribution in the nanoneedle.
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cm−1 are assigned to the stretching vibration modes of CO3
2−,

in good consistency with the reported literature.53

Moreover, XPS spectra were collected to elaborate further
on the chemical state of NCM2.0 (Figure S4). The N 1s
spectrum shows the typical character of the heteroatomic N
doping in carbon lattice, while the C 1s and O 1s spectra
confirm the existence of carbonate and hydroxyl in the

obtained NCM. Meanwhile, all the metal species, including
Ni2+, Co2+, and Mn2+, can be detected in good accordance with
the literature (see detailed analysis in the Supporting
Information). All these results collectively determine the
chemical composition of NCM as a ternary carbonate
hydroxide of Ni2(CO3)(OH)2, Co(CO3)0.5(OH)·0.11H2O,
and MnCO3.

Figure 5. Electrochemical performance of NCM2.0@NC@Ni in three-electrode configuration: (a) CV curves at different scanning rates; (b,c)
comparison of surface capacitive and diffusion-controlled contributions at different scanning rates; (d) GCD profiles at different current densities;
and (e) long-term cycling performance at 5 mA cm−2. (f) GCD profiles of different NCM@NC@Ni electrodes at 5 mA cm−2.

Figure 6. Relationship between the area/mass-specific capacitance (at 5 mA cm−2), mass utilization (n), and mass loading of NCM on (a) NC@Ni
and (b) pristine Ni foams; (c) rate performances and (d) Nyquist plots of all the NCM-based electrodes.
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Electron microscopy techniques (SEM, TEM, SAED, and
EDX) were conducted to further probe into the microstructure
of the NCM@NC@Ni. Representatively, the SEM images
show that the NCM2.0@NC@Ni exhibits a distinctly different
morphology compared with that of the NC@Ni substrate
(Figure 4a). It is noticed that the NC@Ni frame is fully
covered by massive and dense NCM nanoneedles (Figure 4b).
The diameter of the nanoneedles is around 25 nm, as shown in
magnified SEM and TEM images (Figure 4c,d). This array-like
structure offers sufficient contact with the electrolyte and
concurrently accommodates the volume expansion of NCM,
thereby enhancing the reaction kinetic. The HRTEM image
witnesses a lattice spacing of 0.238 nm (Figure 4e),
corresponding to the (110) plane of MnCO3. The lattice
spacings of 0.245 and 0.227 nm in Figure 4e belong to the
(301) and (231) planes of Co(CO3)0.5(OH)·0.11H2O,
respectively. Figure 4f shows the (240) and (141) planes of
Ni2(CO3) (OH)2 and the (113) plane of MnCO3. The SAED
rings in Figure 4g are well indexed to the (521), (141), and
(220) planes of Ni2(CO3)(OH). The EDX mapping and linear
scanning analysis (Figure 4h−m) illustrate the uniform
distribution of Ni, Co, and Mn elements in the nanoneedle.
These results confirm the crystalline and compositional
structure of the obtained NCM active material.
3.2. Electrochemical Performance. The electrochemical

performance of the NCM2.0@NC@Ni electrode was first
studied in a three-electrode system based on a 3.0 M KOH
aqueous electrolyte. Figure 5a shows the CV curves at scan
rates of 5, 10, 20, 50, and 100 mV s−1. The reversible redox
peaks at low rates suggest that the energy storage process is
featured with the diffusion-controlled process. The redox
reactions can be described as eqs 7−10. However, the redox
peaks gradually weaken at high rates, while the curves

transform into inclined rectangles, indicating that the surface
capacitance increasingly dominates the energy storage.

+

↔ + + +

−

− −

Ni (CO )(OH) 4OH

2NiOOH CO 2H O 2e
2 3 2

3
2

2 (7)

· +

↔ + + +

−

− −

Co(CO ) (OH) 0.11H O 2OH

CoOOH 0.5CO 1.11H O e
3 0.5 2

3
2

2 (8)

+ → +− −MnCO 2OH Mn(OH) CO3 2 3
2

(9)

+ ↔ + +− −Mn(OH) OH MnOOH H O e2 2 (10)

Figure 5b shows the capacitance distribution from the
surface capacitive current (red) compared with the total
capacitance (transparent) according to Dunn’s method54,55

(see details in the Supporting Information). The surface-
controlled part accounts for 52% of the overall capacitance at 5
mV s−1, continuously increasing to ∼91% at 100 mV s−1

(Figure 5c). Apart from that, the area-specific capacitances and
Coulombic efficiencies calculated on GCD profiles are 19.36 F
cm−2 (79.5%), 18.82 F cm−2 (87.3%), 18.08 F cm−2 (93.8%),
16.63 F cm−2 (97.0%), and 13.38 F cm−2 (98.4%) at the
current density of 2, 5, 10, 20, and 50 mA cm−2, respectively
(Figure 5d). The low Coulombic efficiency at low current
densities can be ascribed to a small reaction polarization. The
lower overpotential leads to more severe oxygen evolution
reactions and irreversible charge capacities at the same cutoff
voltage. The mass-specific capacity at 2 mA cm−2 is 842 F g−1,
corresponding to a mass utilization (n) of 38.5%. Moreover,
the long-term cycling measurement demonstrates high
capacitance retention of 98% over 10,000 cycles (Figure 5e),
indicating the great electrochemical reversibility and stabilities
of NCM2.0@NC@Ni electrode attributed to the unique
nanoneedle structure with high mass loading and strong
structural integrity. In addition, the charge and discharge
profiles of different NCMX@NC@Ni electrodes at 5 mA cm−2

are also presented in Figure 5f. The area-specific capacitance
(utilization, mass loading) of the NCMX (X = 0.5, 1.0, 2.0, and
3.0) electrodes are 6.9 F cm−2 (62.7%, 5.2 mg cm−2), 10.14 F
cm−2 (45.2%, 10.6 mg cm−2), 18.82 F cm−2 (38.5%, 23.1 mg
cm−2), and 3.76 F cm−2 (4.3%, 40.8 mg cm−2), respectively. It
is noticed that the NCM3.0@NC@Ni electrode delivers the
highest mass loading and should hold the highest areal
capacitance. However, such high mass loading deteriorates the
uniformity of the nanoneedle-array structure and limits the
utilization of active materials (n) and the mass-specific
capacity. This result indicates that the electrodes are required
to be rationally designed to balance this trade-off.
Figure 6a,b shows the relationship between the area/mass-

specific capacitance, mass utilization (n), and mass loading of
all the NCM@NC@Ni and NCM@Ni electrodes. In general,
the two types of electrodes share a similar correlation between
these parameters. One is that the mass-specific capacitance
monotonously reduces with the increase of mass loading. A
high mass loading results in material agglomeration and “dead
volume,” which deteriorates the kinetics, lessens the electro-
chemical sites, and decreases the mass utilization (n). The
other is that the area-specific capacitance increases first and
then reduces along with the rising loading. According to eq 2,
the area-specific capacitance (Ca) is positively proportional to
both mass utilization (n) and mass loading (m). The peak Ca

Table 1. Comparison of the Mass Loading and Specific
Capacitance with Representative Works

active materials
mass loading
(mg cm−2) specific capacitance refs

CoSe2/NC-NF 3.1 120.2 mA h g−1 at
1 A g−1

28

NiCoMn carbonate
hydroxide

3.7 3224 F g−1 at 1 A g−1 56

MnCo2S4 4 231 mA h g−1 at
1 A g−1

57

Mxene/BC 5 2.08 F cm−2 at
3 mA cm−2

58

NiCoMn hydroxide 5.2 1043 μA h cm−2 at
2.5 mA cm−2

26

NiCo2S4@Ni−Co LDH 5.6 5.68 F cm−2 at
2 mA cm−2

59

MnO2@CF 6.6 1.19 F cm−2 at
10 mA cm−2

60

CDC@MnO2 6.6 1.1 F cm−2 at
1 mA cm−2

61

CNT/MnO2/CC 9.1 3.38 F cm−2 at
1 mA cm−2

62

NiCo2O4@NF 9.2 10.28 F cm−2 at
8 mA cm−2

63

N-doped AC aerogel 10 386 F g−1 at 1 A g−1 64
F-rGO 17 3.4 F cm−2 at

5 mA cm−2
65

porous MnO2 film 18 2.79 F cm−2 at
2 mA cm−2

29

NCM2.0@NC@Ni 23.1 19.36 F cm−2 at
2 mA cm−2

this
work
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values are the trade-off result between these two factors.
However, it is worth noting that the NCMX@NC@Ni (X =
0.5, 1.0, and 2.0) presents significantly higher capacitance,
mass utilization, and mass loading than the NCMX@Ni
counterparts, strongly confirming the tremendous structural
and electrochemical advances by the as-developed surface
carbon modification.
Figure 6c compares the rate performance of different NCM-

based electrodes. Notably, all the NCMX@NC@Ni electrodes
show much higher area-specific capacitance (Ca) than the
NCMX@Ni electrodes at each current density. For example, at
5 mA cm−2, the NCM2.0@NC@Ni shows a Ca of 18.82 F
cm−2 with mass utilization of 38.5% and mass loading of 23.1
mg cm−2, whereas these parameters are only 2.31 F cm−2,
21.4%, and 5.1 mg cm−2, respectively, for the NCM1.0@Ni
counterpart. The carbon modification effectively boosts the
maximum mass loading (m) and concurrently maintains a high
mass utilization (n).
EIS characterization was used to illustrate the electro-

chemical impedance of the electrodes. All the NCMX@NC@
Ni and NCMX@Ni electrodes show similar Nyquist plots
(Figure 6d). The semicircle in the high-frequency region
corresponds to the charge transfer resistance (Rct), while the
oblique line in the low-frequency region reflects the ion
diffusion process (Wurberg resistance, W). It can be noticed

that the Rct and W values increase along with the NCM mass
loading on a NC@Ni or Ni foam, suggesting the negative effect
of mass loading on reaction kinetics. Nevertheless, the
NCMX@NC@Ni electrode design consistently enables
minor Rct and W than NCMX@Ni electrodes at comparable
mass loadings. This result indicates that surface modification
by N-rich carbon nanosheets effectively preserves the nano-
needle architecture and remarkably improves overall elec-
tronic/ionic transport for fast reaction kinetics.
Table 1 compares the mass loading and area-specific

capacity among NCM2.0@NC@Ni and other high-loading
capacitive electrode designs in the recent literature. Our design
enables significantly higher mass loading capability with higher
achievable capacitance, mainly due to the highly favorable
carbon modification. (I) The boosted SSA increases the
contact area with both current collector and metal ions,
allowing higher NCM growth on the substrate. (II) The well-
maintained uniform nanoneedles under high mass loading
provide significantly more active interfaces and enables
excellent mass utilization than agglomerated or bulky
structures for both capacitive and diffusion-controlled
processes (eqs 7−10) thereon. Note that the reported
NiCoMn carbonate hydroxide works generally emphasize the
essential role of delicate nanostructure and composition in
high-energy-density SCs.56 However, this work focused on the

Figure 7. Electrochemical performances of solid-state asymmetric SC (ASC) in the configuration of NCM2.0@NC@Ni//AC: (a) schematic
illustration of the ASC; (b) respective CV curves of NCM2.0@NC@Ni and AC electrodes at 10 mV s−1; CV curves at different (c) voltage
windows and (d) scan rates; (e) GCD profiles and (f) specific capacitance at different current densities; (g) cycling performance at 10 mA cm−2;
(h) EIS plot and (i) Ragone plots.
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modification of Ni foams and their influence on active
materials’ loading capability, microstructure, and electro-
chemical performance, using NCM as a model study.
According to eq 1, the area-specific energy density (E) is

proportional to the voltage window (U) square that can be
expanded using the ASC configuration. As shown in Figure 7a,
the ASC was assembled using the NCM2.0@NC@Ni as the
cathode, commercialized AC as the anode, and the PVA/KOH
solid film as the electrolyte and separator. The CV curves
confirm the reversible operation of NCM2.0@NC@Ni and
AC electrodes at 0−0.6 and −1.0−0 V, respectively (Figure
7b). The performance of the AC electrode was examined by
CV and GCD tests as shown in Figure S5, which confirms its
typical EDLC character with a mass-specific capacity of ∼200
F g−1 at 0.5 A g−1. Additionally, Figure 7c shows the CV
profiles of the obtained ASC at varied voltage limits, revealing
an accessible maximum voltage window up to 1.6 V. The CV
curves (Figure 7d) and discharge profiles (Figure 7e)
demonstrate a combination of Faradic and EDLC capacitive
behaviors. Based on the discharge curve, the area-specific
capacitances at 2, 5, 10, 20, and 50 mA cm−2 are 9.31, 7.31,
6.11, 5.18, and 4.33 F cm−2, respectively (Figure 7f).
Moreover, high capacitance retention of 78% can be achieved
after 3000 cycles at 10 mA cm−2 (Figure 7g). The EIS plot
reveals a favorably low internal impedance, contributing to the
ASC’s great electrochemical reversibility and rate capability.
Beyond that, energy and power densities are two critical factors
to evaluate the performance of energy storage devices. The
area-specific energy density and power density of the as-
developed ASC are 1352 μW h cm−2 (21.8 W h kg−1) and
37,497 μW cm−2 (604.9 W kg−1), respectively, significantly
outperforming most of the reported ASCs58,66−68 and
symmetric SCs2,59,64,65,69 (Figure 7i).

4. CONCLUSIONS
In summary, this work introduced N-doped carbon nanosheets
to modify the Ni foams through a sol−gel method. The carbon
nanosheets significantly boosted the SSA of Ni foams for
maximizing the mass loading of NCM nanoneedles and
concurrently maintains the well-defined nanoneedle structure
for higher mass utilization and faster reaction kinetics. The
trade-off among mass loading, mass utilization, and specific
capacitance was systematically studied, while the optimized
loading was obtained and employed for ASC evaluation. The
NCM@NC@Ni electrode exhibits high mass loading up to
23.1 mg cm−2, high capacitance of 19.36 F cm−2, and excellent
cyclability over 10,000 cycles. Moreover, the as-constructed
NCM2.0@NC@Ni//AC asymmetric SC yields a high energy
density of 1352 μW h cm−2. This work presents a novel, facile,
and effective surface modification strategy toward high-loading
and high-energy-density solid-state SCs, providing instructive
insights for developing advanced current collectors in related
fields.
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