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ABSTRACT: Hydrous RuO2 nanoparticles have been uni-
formly deposited onto nitrogen-enriched mesoporous carbons
(NMCs) via a facile hydrothermal method. The nitrogen
doping in the carbon framework not only provides reversible
pseudocapacitance but also guides uniform deposition of RuO2
nanoparticles. As a result, an extremely high specific
capacitance of 1733 F/g per RuO2, comparable to the
theoretic capacitance of RuO2, is reached when 4.3 wt % of
RuO2·1.25H2O is loaded onto the NMCs. Systematic studies
show that either nitrogen-free or excess nitrogen doping result
in RuO2 clusters formation and worsen the electrochemical
performances. With intermediate nitrogen and RuO2 content
(8.1 wt % N, 29.6 wt % of RuO2·1.25H2O), the composites
deliver excellent power performance and high specific capacitance (402 F/g) with reversible capacitive response at 500 mV/s.
The unique properties of nitrogen in textual, morphological, and electrochemical aspects may also provide further understanding
about the effects of nitrogen doping and metal oxide deposition on supercapacitor performance.
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1. INTRODUCTION

Because of their rapid charge−discharge ability and long cycle
life, supercapacitors have been hailed as extremely promising
energy storage devices to meet future energy demands.1,2

Supercapacitors are separated into two categories: electrical
double layer capacitors (EDLCs) and pseudocapacitors,1 each
based on its charge storage mechanism. EDLCs electrostatically
store charge using reversible adsorption of electrolyte ions onto
materials with highly accessible surface areas, while pseudoca-
pacitors take advantage of reversible redox reactions at the
surface of the electrode−electrolyte interface. Continued
scientific endeavors have been directed toward designing and
engineering porous carbon materials for supercapacitors
because of their low cost, high surface area, and numerous
geometries.2,3 The physical ion adsorption/desorption on high-
surface-area carbon materials endows supercapacitors with
much higher energy densities than dielectric capacitors,
although it is still significantly lower than Li ion batteries.4

One such way to improve the energy density of super-
capacitors is by incorporating pseudocapacitance into EDLCs.
Metal oxides, such as RuO2,

5−7 MnO2,
8 NiO,9 and Co3O4,

10 are
able to store more charge through highly reversible surface
redox reactions. Among these oxides, RuO2 has been

intensively studied because of its wide potential window,
reversible redox reaction, high theoretical specific capacitance,
and high electrical conductivity (3 × 102 S/cm).11 However,
RuO2 nanoparticles (NPs) generally suffer from severe particle
aggregation, which leads to poor cycling ability and deteriorated
rate performance. To circumvent these problems, many
researchers have attempted to combine hydrous RuO2 NPs
with carbon materials, including activated carbons,12 carbon
nanotubes (CNTs),13−16 carbon nanofibers,17,18 graphene,19,20

mesoporous carbon (MC),21 carbon spheres,22 carbon
quantum dots,23 and so forth. Such a hybrid material could
substantially improve the utilization and rate capability of
hydrous RuO2. MCs are the most ideal substrates for hydrous
RuO2 NPs due to their excellent textural characteristics and
mesoporous networks, which provide a three-dimensional
interconnected framework and facilitate ion diffusion without
pore blockage.24

Various methods such as sol−gel,21 colloidal,25 and
impregnation methods26,27 have been developed for the
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construction of RuO2/MC composites. For instance, Jang et
al.26 prepared their material by impregnating MCs with
ruthenium(III) acetyl acetonate. The composites exhibited a
capacitance of 243 F/g (per electrode) and 738 F/g (per
RuO2) at a low loading of RuO2 (14.6 wt %). However, the
specific capacitance gradually decreased to 363 F/g due to
particle aggregation as the RuO2 content was increased to 54 wt
%. On the other hand, Li et al. impregnated ordered MCs in
RuCl3 solution followed by annealing in N2 from 80 to 400
°C.27 The highest capacitance per electrode reached 633 F/g.
However, as the RuO2 content was increased from 10.0 to 30.7
wt %, its pseudocapacitance and rate performance decreased
sharply due to the increase in equivalent series resistance.
Although RuO2/MC composites represent a novel method to
improve the capacitive behavior of RuO2 itself, it is necessary to
achieve not only higher specific capacitance but also per
electrode as a whole. To reach this goal, a method for the
homogeneous deposition of RuO2 NPs without blocking the
developed pore channels of the carbon substrate must be
developed.
Previous studies demonstrated that doping with nitrogen

atoms improves the hydrophilic properties of carbon frame-
works and provides faradic pseudocapacitance.28 In addition,
nitrogen atoms can directly incorporate themselves into the
carbon sp2 backbone and alter the electron-donor properties of
the carbon substrate.29,30 Moreover, those nitrogen species
could promote interactions between the NPs and carbon
surfaces and consequently improve their dispersion. Sun et al.31

revealed that Pt NPs distributed uniformly when the nitrogen-
doped CNT-covered Si wafer is used, demonstrating that
nitrogen atoms were helpful in the NP dispersion. In another
instance, Fang et al. dispersed RuO2 NPs on nitrogen-doped
CNTs. The introduction of nitrogen was beneficial in the
creation of preferable sites for the uniform distribution of NPs,
leading to a significant improvement in the overall
capacitance.32,33 However, reports on the preparation of
nitrogen-doped MC composite electrodes with high metal
oxide loadings are quite limited.
In order to address previous shortcomings, a novel material

design should exploit a combination of the hydrophilic
properties of doped nitrogen, the high pseudocapacitance of
metal oxides and the nitrogen species, and the desirable power
behavior of MCs. Therefore, in this study, the nitrogen-
enriched mesoporous carbons (NMCs)28 were used as
substrates to host hydrous RuO2 NPs. Through tuning the
weight ratio of the RuCl3 to NMCs, a series of composites with
varied RuO2 content were prepared with a maximum loading of
68.9 wt %. Furthermore, in order to systematically study the
dual effect of nitrogen species and RuO2 loading on the
physical and electrochemical properties of composites, nitrogen
content-series with the same RuO2 loading were also prepared.
The promising capacitive performances suggest the synergetic
effect of the RuO2 nanoparticles and nitrogen species. In
addition to pseudocapacitor applications, this composite
material could also be used as a gas catalyst and an electrode
for fuel cells.

2. EXPERIMENTAL SECTION
2.1. Preparation of NMCs. NMCs were synthesized according to

our previous report.28 Typically, 39 mmol of phenol (P) and 78 mmol
of formaldehyde (F, 37 wt %) were dissolved in 10 mmol of NaOH
solution and stirred at 70 °C for 40 min. Then, 39 mmol of melamine
(M) and 107 mmol of formaldehyde were added to the above solution

and stirred at 80 °C for 30 min until the solution become clear. Next,
50 g of Ludox SM-30 sol (30 wt % SiO2) was added to the above
solution and stirred at 80 °C for an additional 5 min. The
concentration of colloidal silica in the polymer mixture (M + P +
F) was fixed at 15 g/100 mL. The concentration was fixed at 18 g/10
mL for the nitrogen-free samples. Finally, the obtained gels were
sealed into ampules and placed in the oven at 80 °C for 3 days,
followed by carbonization in nitrogen at 800 °C for 3 h. After
dissolution of the silica nanoparticles in 2 M NaOH solution at 80 °C
for 12 h, NMCs were filtrated, washed with DI water until the pH was
approximately neutral, and then, purged under vacuum at 90 °C
overnight. The obtained samples were denoted as NMC-x, where x
represents the mole ratio of melamine to phenol.

2.2. Preparation of NMC/RuO2 Nanocomposites. The NMC/
RuO2 composites were prepared through a facile hydrothermal
method. Specifically, 70 mg of NMC-1 powder was sonicated in 60
mL of DI water for 10 min. Then, 4.664 g of ruthenium chloride of 1
wt % (in DI water) was added drop-by-drop into the above
suspension, and the mixture was sonicated for another 10 min. The
suspension was transferred to a Teflon-lined autoclave with a stainless-
steel shell and kept at 180 °C for 6 h. After cooling down naturally, the
product was filtered, washed with DI water, and centrifuged until the
pH reached 7. The composites were dried at 80 °C for 24 h and
denoted as NMC-1-w30, indicating that the theoretical weight
percentage of ruthenium oxide in the composite was 30 wt %.
Composites with different nitrogen content were prepared with RuO2
loading of 30 wt % using NMC-x as a substrate and were denoted as
NMC-x-w30. Also, composites with different RuO2 loading were
prepared using NMC-1 and were denoted as NMC-1-wy. For example,
NMC-1-w10 and NMC-1-w70 represent mass loadings of RuO2 of 10
and 70 wt %, respectively.

2.3. General Characterizations of the Materials. The X-ray
diffraction (XRD) patterns were acquired on a Rigaku D/max 2550
diffractometer operating at 40 kV using Cu Kα radiation (λ = 1.5406
Å). Nitrogen adsorption/desorption isotherms were conducted at 77
K on a Quadrasorb SI analyzer. Before the measurements, the samples
were degassed in vacuum at 373 K for 6 h. The Brunauer−Emmett−
Teller (BET) method was utilized to calculate the specific surface area.
Pore size distributions (PSDs) were derived from the desorption
branch by using the Barrett−Joyner−Halenda (BJH) model.
Elemental analysis was carried out on an Elemental Vario EL. The
carbon (C), hydrogen (H), and nitrogen (N) contents were
determined directly using a thermal conductivity detector. The surface
composition of the NMCs was obtained from an Axis Ultra DLD X-
ray photoelectron spectrometer. Thermogravimetric analysis (TGA)
was performed on a Q50 TGA Analyzer (TA Instruments) using a
temperature range from room temperature to 800 °C at 5 °C/min.
Scanning electron microscopy (SEM) images of the pristine NMC-1
and nitrogen-RuO2 composites were obtained on Zeiss Supra 50VP
(Carl Zeiss AG, Germany). Transmission electron microscopy (TEM)
was conducted on a JEM 2100 (JEOL, Japan) using an accelerating
voltage of 200 kV. The samples were first dispersed in isopropanol and
then sonicated for 1 min. A drop of this mixture was transferred onto a
200 mesh lacey-carbon-coated copper grid for imaging.

2.4. Preparation of Electrodes and Electrochemical Setup.
Both the active material and carbon black were dispersed in 1-methyl-
2-pyrrolidone (NMP) to form a suspension with a concentration of 20
mg/mL. The mass ratio of active material to carbon black and nafion
(binder) was 8:1:1. After vigorous stirring for 4 h, 10 μL of the slurry
was cast onto the mirrorlike glassy carbon electrode (GCE) using a
micropipet. The mass of the electrode was approximately 0.2 mg. The
modified GCE was dried at 60 °C for 1.5 h and soaked for 1 h prior to
the tests.

All the electrochemical tests were conducted in a sealed three-
electrode cell with 1 M H2SO4 (0−1 V) as the electrolyte, the
modified GCE as the working electrode, and platinum wire and Ag/
AgCl as the counter and reference electrodes, respectively. Cyclic
voltammetry (CV) (PCI-4/300 potentiostat, Gamry, PA, USA) and
galvanostatic charge−discharge (GCD) (Arbin instrument, TN, USA)
were conducted with scan rates and current densities ranging from 10
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to 500 mV/s and from 0.2 to 8 A/g, respectively. Specific capacitance
was calculated from the GCD according to eq 1:
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×
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where Cspe (F/g) is the specific capacitance of the active material, m is
the active mass, j is the current density (A/g) applied on the working
electrode, t is the discharge time (s), and V is the potential window
(V) after the IR drop.

3. RESULTS AND DISCUSSION
3.1. NMC/RuO2 Composites. Systematic studies have been

done in our previous report about the effect of nitrogen doping
on the porosity, conductivity, and electrochemical perform-
ances of NMCs.28 Typically, we have managed to prepare the
nitrogen-enriched carbon with very similar mesoporous
structures but different nitrogen content in the range 0−11.9
wt %. This could thus minimize the influence of the porosity
while focusing on nitrogen doping on the properties of the
resulting composites. The porosity parameters and chemical
nature of MCs used in this work were summarized in Table 1.
These samples have a similar mesoporous structure with a pore
volume around 2.3 cm3/g and an average pore size of
approximately 11 nm. The fully developed mesopores and
large mesoporous ion diffusion channels for the supercapacitor
electrode are clearly advantageous in high power applications.
Moreover, in this work, NMCs were used as carbon framework
to host RuO2 NPs with the hope that the doping of nitrogen
could improve the dispersion of the easily aggregated RuO2.
Figure 1 shows the schematic of preparation of NMC/RuO2

composites via a facile hydrothermal method. NMC-1 and
NMC-1-w30 were selected as the typical samples here to
understand the structure and properties of the NMC/RuO2
composites. The SEM image in Figure 2a suggests the typical
morphology of the NMC/RuO2 composites. The energy-
dispersive X-ray spectroscopy (EDX) result in Figure S1
(Supporting Information) suggests the loading of a large
amount of RuO2 on the NMCs; no other impurity was
detected. The apparent disordered carbon with highly
mesoporous structure could be clearly seen in Figure 2b.
Moreover, hierarchical pore distribution of NMC is also
obvious as both large mesopores (∼20 nm) and intermediate
mesopores (∼5 nm) are found. After hydrothermal deposition,
the surface of NMCs is decorated by numerous tiny RuO2
particles with their hierarchical pore structures retained (Figure
2c). The high-resolution TEM (HRTEM) image of NMC-1-
w30 in Figure 2d reveals the RuO2 particles are uniformly

distributed with a mean size of 2 nm. The as-prepared RuO2
NPs are amorphous in Figure 2d. Figure 3a shows the XRD
patterns of NMC-1, NMC-1-w30, and p-RuO2. Unlike p-RuO2
that has multiple characteristic peaks due to large RuO2
domains, no additional peaks except for one broad diffraction
peak centered at 25° in NMC-1-w30 is observed, further
indicating amorphous RuO2 has been achieved.13−15,17,18 Broad
diffraction peaks at 25° and 44° in NMC-1 correspond to
reflection from the (002) and (100) planes of hexagonal
graphite, respectively, (JCPDS card no. 75-1621).
The actual loading of RuO2 in the composites could be

determined through TGA, as shown in Figure 3b. Two stages
of weight loss, below Tct (carbon combustion temperature) and
after Tct, are seen in both NMC-1 and NMC-1-w30, which can
be attributed to the removal of absorbed water (physically and
chemically) and carbon combustion, respectively. Since the
amounts of ash of the NMCs are almost the same (∼0.2 wt %),
as Figure S2a (Supporting Information) depicts, RuO2 loading
in the composites therefore roughly equals the reside content
and is summarized in Table 1. According to Cormier et al.,25

the hydrous number in the hydrous p-RuO2 can be calculated
from TGA total loss. By using this method, the hydrous
number in the composites is determined to be 1.25. Figure S2b
(Supporting Information) shows TGA of NMC-1-wy. The
RuO2 content obtained from TGA was converted into RuO2·

Table 1. Pore Parameters and RuO2 Contents of NMCs and Their Composites

sample SBET
a (m2/g) Vtotal

b (cm3/g) Vmeso (cm
3/g) Dav

c(nm) Nd (wt %) ash (wt %) RuO2·xH2O
e (wt %)

NMC-0 696 2.40 2.25 12.6 0 0.2 −
NMC-0.5 777 2.30 2.16 13.2 4.3 0.2 −
NMC-1 731 2.60 2.49 13.8 8.1 0.2 −
NMC-2 771 2.40 2.31 11.6 11.9 0.3 −
NMC-1-w10 560 2.23 2.16 14.8 8.1 3.7 4.3
NMC-1-w30 467 1.59 1.56 14.5 8.1 25.5 29.6
NMC-1-w70 301 0.48 0.46 10.4 8.1 59.4 68.9
NMC-0-w30 344 1.21 1.19 14.0 0 24.8 29.0
NMC-0.5-w30 376 1.34 1.33 14.3 4.3 25.1 29.3
NMC-2-w30 368 1.12 1.11 12.2 11.9 24.7 28.9

aBET specific surface area. bTotal pore volume (P/P0= 0.985). cBJH average pore width. dN wt % was the mass ratio in the carbon substrate. eRuO2·
xH2O% was calculated proportional to RuO2 % with x = 1.25.

Figure 1. Schematic of preparation of NMC/RuO2 composites.
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1.25H2O content in the composite; for example, 25.5 wt % of
RuO2 in NMC-1-w30 corresponds to 29.6 wt % of RuO2·
1.25H2O. The loading of RuO2·1.25H2O in the composites are
quite close to the theoretical loading except in NMC-1-w10,
which is probably due to the fact that the small amount loading
leads to relatively larger deviation.
Figure 3c, d shows the N2 adsorption−desorption isotherms

and PSDs of NMC-1 and NMC-1-w30. NMC-1 shows a typical
type-IV isotherm with an H2 hysteresis loop, corresponding to
a substantial amount of mesopores. The BET specific surface
area (SBET) and pore volume of NMC-1 are 731 m2/g and 2.6
cm3/g, respectively. After depositing RuO2, NMC-1-w30 shows
expected decreases in SBET (467 m2/g) and pore volume (1.59
cm3/g). However, the PSDs, average pore size, and the shape of
the isotherms between the two samples are all similar,
suggesting the composites have well inherited the pore
structure.
A three-electrode system was used to evaluate the electro-

chemical performance of the NMC/RuO2 composites, which
are shown in Figure 4. At 200 mV/s, nitrogen species in NMC-
1 still provide the pseudocapacitance, as a broad redox peak in
0−0.6 V (vs Ag/AgCl), demonstrating the doped nitrogen is
competent for fast rate redox reactions (Figure 4a). NMC-1-
w30 exhibits a larger CV encircled area with a symmetric CV

shape, representing a higher pseudocapacitance and reversible
redox reactions have taken place attributed to the loading of
RuO2 NPs. Moreover, the excellent power handling perform-
ance of NMC-1-w30 could be seen in Figure 4b, as a capacitive
response can be maintained up to 500 mV/s. The symmetric
GCD profiles of NMC-1-w30 in Figure 4c show a negligible IR
drop at 8 A/g, suggesting a short time constant, small ESR, and
reversible pseudocapacitve reactions. As a result, the specific
capacitance of NMC-1-w30 reaches 401 F/g per electrode,
much higher than that of NMC-1 (245 F/g) at 0.2 A/g (Figure
4d). The improved pseudocapacitance in NMC-1-w30 could be
attributed to the synergistic effect between the RuO2 NPs and
the nitrogen species.

3.2. Effects of Nitrogen Content. To further optimize the
electrochemical performances of the as-prepared composites,
increasing the RuO2 loading or nitrogen content to provide
higher pseudocapacitance while retain a homogeneous particle
distribution would be a plausible way. Therefore, NMC-x-w30
with different nitrogen content and NMC-1-wy with different
RuO2 loading were prepared, and their electrochemical
behaviors were systematically studied. Figure 5 compares the
TEM images of NMC-x-w30, where x = 0, 0.5, 1.0, and 2.0
corresponding to 0 wt % N, 4.3 wt % N, 8.1 wt % N and 11.9
wt % N, respectively, in the NMCs substrate. Apparently, large

Figure 2. (a) SEM image of NMC-1-w30; TEM images of (b) NMC-1 and (c) NMC-1-w30; (d) HRTEM image of NMC-1-w30.
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clusters of RuO2 with a size of 20 nm can be found in the
nitrogen-free composites. Those clusters exhibit nanocrystalline
textual properties, as visible RuO2 peaks at 34° and 55° were
observed in their XRD patterns (Figure S3, Supporting
Information). When doped with 4.3 and 8.1 wt % nitrogen,
the RuO2 particles distributed uniformly with a much decreased

particle size, which could be attributed to the doped nitrogen
providing basic sites and improving the interactions between
the carbon substrate and guest species.29,30 However, further
increasing the nitrogen content up to 11.9 wt % again results in
the formation of larger RuO2 clusters, as shown in Figure 5d,
corresponding to the RuO2 peak at 55° in the XRD (Figure S3,

Figure 3. (a) XRD patterns of NMC-1, NMC-1-w30, and p-RuO2; (b) TGA profiles of NMC-1, NMC-1-w30, and p-RuO2; (c) N2 adsorption−
desorption isotherms; (d) the corresponding BJH pore size distributions of NMC-1 and NMC-1-w30.

Figure 4. (a) Cyclic voltammograms of NMC-1 and NMC-1-w30 at 200 mV/s; (b) cyclic voltammograms of NMC-1-w30 at different scan rates; (c)
GCD curves of NMC-1 and NMC-1-w30 at 8 A/g; (d) specific capacitance of NMC-1 and NMC-1-w30 at different current densities.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am502173x | ACS Appl. Mater. Interfaces 2014, 6, 9751−97599755



Supporting Information). These TEM and XRD results provide
direct experimental confirmation that nitrogen content in the
composite could affect the RuO2 dispersion to a very large
extent. Doping a suitable amount of nitrogen would decrease
the RuO2 particle size and improve the distribution of the fine
particles. Since the porosity parameters, including SBET, pore
volume, and PSDs, of NMC-x are similar,28 it is not surprising
to notice that NMC-x-w30 have similar pore volumes and SBET
(except for NMC-1-w30) (Table 1), which helps to avoid the
complication of having different pore structures while focusing
on the effect of nitrogen doping.
Figure 6 shows the electrochemical performances of NMC-x-

w30. The quasirectangular symmetric CV shape with a broad
couple of peaks and the triangular GCD profiles in Figure 6a, b
represent reversible reactions in all samples. The capacitance
and rate performance are strongly dependent on the nitrogen
content, as shown in Figure 6c. Due to the pseudocapacitance
contribution from the redox active nitrogen species, inter-
mediate nitrogen doping improves the capacitance and rate
performance and reaches the optimum in NMC-1-w30.
However, when the nitrogen content is excessive, the NMC-
2-w30 does not show very impressive capacitance results. This
is due to RuO2 agglomerate formation and the decreased
electronic conductivity in this nitrogen excessive composite.28

The former limits the utilization of the RuO2 NPs while the
latter greatly depresses the electron-transfer kinetics and
ultimately lowers down the specific capacitance of the
composite. The electrochemical impedance spectroscopy
(EIS) in Figure S4 (Supporting Information) also implies
that excess nitrogen content would increase the resistance.
Therefore, the total electrochemical performance of the
composites relies on a balance between nitrogen content and
electron conductivity of the carbon substrate. The cyclic
performance of NMC-1-w30 and NMC-0.5-w30, both were
doped with intermediate nitrogen and have uniform RuO2
particle dispersion, are compared in Figure 6d. After 2500 times
of constant charge−discharge at 1 A/g, NMC-1-w30 still retains
91% of its initial capacitance while NMC-0.5-w30 only retains
84%. The better cycling performance in NMC-1-w30 could
probably be attributed to more anchoring sites in NMC-1-w30,
leading to evenly and more strongly tethered RuO2. Such a
stronger interaction between doped nitrogen species and the
RuO2 particles could facilitate more stable reversible redox
reactions in NMC-1-w30, and consequently result in better life
performance.

3.3. Effects of RuO2 Loading. Besides optimizing the
nitrogen content, increasing the RuO2 loading to promote the
specific capacitance is another alternative. Table 1 summarizes

Figure 5. TEM images of (a) NMC-0-w30, (b) NMC-0.5-w30, (c) NMC-1-w30, and (d) NMC-2-w30.
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the porosity parameters of NMC-1-wy. For example, the pore
volume and SBET are 0.48 cm3/g and 301 m2/g, respectively, in
NMC-1-w70. The heavy loading not only decreased the pore
volume but also formed crystalline RuO2 with very small grains,
as several characteristics peaks of crystalline RuO2 appear in
Figure S3 (Supporting Information). Previous reports suggest
that amorphous RuO2 is more desirable than the crystalline
RuO2 due to the former allowing the whole bulk of material to
be used for proton diffusion and redox reactions.11,34

Therefore, the effect of heavy loading should be carefully
studied. Figure S5a (Supporting Information) and Figure 7a
show the CV of NMC-1-wy at 20 and 200 mV/s, respectively.
At 20 mV/s, all the CVs have a couple of broad peaks, which
are indicative of pseudocapacitance from RuO2. Close
examination reveals that the cathodic peak and anodic peak
in NMC-1-w70 shift positively to 0.51 and 0.55 V (vs Ag/
AgCl), respectively. The CV of NMC-1-w70 is quite similar to
the CV of p-RuO2 (not shown here), due to the aggregated
nanocrystalline RuO2 in both samples. Increasing the RuO2
loading from 4.3 to 68.9 wt % results in a larger encircled CV

area and thus higher capacitance. The encircled CV area of
NMC-1-w70 is apparently larger than that of NMC-1-w30 at 20
mV/s; however, it is pretty close at 200 mV/s, suggesting a
heavy loading is no longer an advantage in capacitance
comparing to intermediate moderate loading when high
power performance is required. At 0.2 A/g, the specific
capacitances of NMC-1-w10, NMC-1-w30 and NMC-1-w70
reach 309, 401, and 430 F/g, respectively, and slightly decrease
to 231, 311, and 342 F/g, respectively, at 16 A/g, as shown in
Figure 7b. Moreover, the quasi-rectangular CV shape at 200
mV/s (Figure 7a) and the quasi-linear symmetric GCD curves
(Figure S5b, Supporting Information) indicate capacitive
behaviors in the NMC-1-wy. Also, the slow capacitance decay
from 0.2 to 16 A/g in Figure 7b suggests excellent ion diffusion
kinetics.
To further unveil the intrinsic properties of well-dispersed

RuO2 brought by nitrogen doping or RuO2 phase evolution
caused by RuO2 loading, the capacitance per RuO2 in the
composite has been calculated according to eq 2:

Figure 6. (a) Cyclic voltammograms at 20 mV/s; (b) GCDs at 0.5 A/g; (c) rate performance of NMC-x-w30; (d) cycle life performance of NMC-
0.5-w30 and NMC-1-w30 after 2500 times of charge−discharge at 1 A/g.

Figure 7. (a) Cyclic voltammograms of NMC-1-wy at 200 mV/s; (b) specific capacitance at various current densities.
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where Cs,NMC and Cs,RuO2
are the specific capacitances of the

NMC and RuO2 components, respectively, while wNMC and
wRuO2

are the weight ratios of the NMC and RuO2 components,
respectively (see Table 1). The results are presented in Figure
8. After doping 4.3 wt % N, the capacitance of RuO2 rises from
614 F/g in NMC-0-w30 to 787 F/g in NMC-0.5-w30 at 0.2 A/
g. This can be attributed to the improved RuO2 dispersion and
the enhanced electrical conductivity of the carbon framework.
NMC-1-w30 with 8.1 wt % N exhibits a similar RuO2
capacitance as NMC-0.5-w30, as their particle dispersion state
and electrical conductivity are both similar. Further increasing
of the nitrogen content to 11.9 wt % would harm the graphitic
integrity of the structure,28 which results in a dramatic decrease
in the RuO2 utilization to 433 F/g at 0.2 A/g.
Similarly, Figure 8b compares the capacitance of the RuO2

component in NMC-1-wy at different current densities.
Impressively, the capacitance of RuO2 in NMC-1-w10 reaches
1733 F/g at 0.2 A/g and still maintains 1299 F/g at 16 A/g.
Such a remarkable capacitance is attributed to the small amount
of RuO2·1.25H2O (4.3 wt %) uniformly distributed within the
carbon framework. Increasing RuO2 content would reduce their
utilization. At a RuO2 loading of 68.9 wt %, capacitances of only
518 and 414 F/g are released at 0.2 and 16 A/g, respectively.
The comparable results to the severely aggregated p-RuO2
suggest that inner active sites in the larger crystallite are isolated
from direct contact with protons and electrons and greatly
lower the capacitance.

4. CONCLUSIONS
The presence of nitrogen species in hierarchical MCs provides
additional pseudocapacitance and serves as guiding agents for
the homogeneous deposition of RuO2 NPs. It is proposed that
moderate nitrogen doping (8.1 wt % N) could greatly improve
the RuO2 dispersion and enhance the capacitance per electrode,
as well as per RuO2, reaching 402 and 772 F/g at 0.2 A/g,
respectively. Moreover, the electrical conductivity of the carbon
backbone and the ion diffusion kinetics also benefit from
moderate nitrogen doping, leading to impressively high rate
performance. On the other hand, nitrogen-free or excess
nitrogen worsens the electrical conductivity of the carbon,

leading to RuO2 cluster formation and a decrease in RuO2
utilization. In addition, RuO2 loading is also found to be an
important factor in influencing both RuO2 crystallinity and
utilization. Depositing 4.3 wt % RuO2·1.25H2O led to a
maximum capacitance of 1733 F/g per RuO2 at 0.2 A/g. We
therefore expect that other metal oxides with desirable
capacitive behaviors can be incorporated into nitrogen-doped
MC frameworks for high-performance supercapacitor electro-
des.
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