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ABSTRACT: Preparing high-performance electrode materials from metal−
organic framework precursors is currently a hot research topic in the field of
energy storage materials. Improving the conductivity of such electrode
materials and further increasing their specific capacitance are key issues that
must be addressed. In this work, we prepared phosphoric acid-functionalized
UiO-66 material as a precursor for carbonization, and after carbonization, it
was combined with activated carbon to obtain nitrogen-/phosphorus-codoped
carbonized UiO-66 composite material (N/P-C-UiO-66@AC). This material
exhibits excellent conductivity. In addition, the carbonized product ZrO2 and
the nitrogen-/phosphorus-codoped structure evidently improve the pseudo-
capacitance of the material. Electrochemical test results show that the material
has a good electrochemical performance. The specific capacitance of the
supercapacitor made from this material at 1.0 A/g is 140 F/g. After 5000
charge−discharge cycles at 10 A/g, its specific capacitance still remains at 88.5%, indicating that the composite material has good
cycling stability. The symmetric supercapacitor assembled with this electrode material also has a high energy density of 11.0 W h/kg
and a power density of 600 W/kg.

1. INTRODUCTION
Supercapacitors (SCs) have attracted much attention due to
their advantages such as fast charge and discharge rates, high
power density, and long service life.1 However, the energy
density of SCs is generally low,2 which significantly limits their
applications in the field of energy storage. To solve this
problem, it is crucial to develop electrode materials with a high
energy density that can be used for SCs.
Doping with heteroatoms is a common method to improve

the energy density of carbon-based SCs. Doped carbon
materials refer to carbon materials where noncarbon elements
such as nitrogen, oxygen, phosphorus, sulfur, selenium, and
others are covalently bonded to the carbon skeleton. Since
doped elements differ from carbon in terms of electronegativity
and the chemical structure they form, doping significantly
affects the electronic cloud distribution state of the carbon
skeleton structure, thus affecting the physicochemical proper-
ties of carbon materials.3 Nitrogen doping is an effective means
to improve the electrochemical performance of activated
carbon (AC). First, nitrogen-containing groups can undergo
reversible redox reactions during charge and discharge
processes, providing a certain amount of pseudocapacitance.
Second, the electronic configuration of nitrogen atoms
contains a pair of lone electrons, which can change the
electronic configuration of carbon atoms when doped into the
carbon lattice, leading to a shift in the Fermi level of the carbon
material’s valence band, thereby increasing the electron

conductivity of the carbon material. In addition, due to the
relatively high electronegativity of nitrogen, it can also improve
the wettability of the carbon material surface, increasing its
affinity to aqueous electrolytes.4,5 Li6 et al. have prepared
nitrogen-doped AC fibers by spinning a mixture of
polyethylenimine and ethylene tar pitch, followed by carbon-
ization and activation. Their specific capacitance can reach 314
F g−1 (0.5 A g−1), which is a 62% increase compared with that
of undoped materials. In addition, phosphorus doping can also
increase the pseudocapacitance of carbon materials and expand
the operating voltage range of SCs in aqueous electrolyte
environments, thereby improving their energy density.7

Therefore, codoping nitrogen and phosphorus into the
carbon material matrix to prepare N, P-codoped carbon
materials is expected to effectively improve the energy density
of SCs.8

Metal−organic frameworks (MOFs) are typical porous
coordination materials formed by the self-assembly of metal
ions or clusters with organic ligands through coordination
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bonds.9−12 Among them, UiO-66 (Zr-MOF) is suitable as a
precursor for nitrogen-doped AC due to its high unsaturation
and nitrogen content.13 In addition, UiO-66 contains a large
number of amino groups, which endow it with high chemical
reactivity. Therefore, phosphorus-containing groups can be
introduced into UiO-66 through chemical reactions, and this
modified UiO-66 can be used as a precursor for carbonization
to prepare N, P-codoped AC materials.14,15

However, carbonized MOF-based electrodes have poor
electrical conductivity due to the apparent granularity of the
MOF-derived materials, hindering the continuous transport of
electrons.16,17

For this issue, carbonized MOF can be combined with
materials that have good conductivity to improve its electrical
conductivity, thereby improving its electrochemical perform-
ance and energy storage capacity.18,19 In this work, carbonized
UiO-66-NH2 (cUiO-66) was mixed with highly conductive AC
to further enhance the electrical conductivity of this material
(N-C-UiO-66@AC). In addition, in order to dope the
carbonized material with both N and P elements simulta-
neously, P atoms were introduced into the precursor (UiO-66-
NH2) before carbonization through chemical reactions,
producing nitrogen−phosphorus-codoped carbonized UiO-66
composite (N/P-C-UiO-66@AC). Compared with N-C-UiO-
66@AC, the N/P-C-UiO-66@AC composite material pre-
pared by this method has excellent electrochemical properties.

Electrochemical testing revealed that the specific capacitance of
the composite material at 1.0 A/g was 140 F/g, and after 5000
cycles of charge and discharge at 10 A/g, its specific
capacitance retention rate was 88.5%, indicating excellent
cycling stability of this composite material.

2. EXPERIMENTAL SECTION
2.1. Preparation of Materials. 2.1.1. Synthesis of UiO-

66-NH2. 2.7 mmol (0.63 g) of ZrCl4 and 3.78 mmol (0.69 g) of
2-aminoterephthalic acid were added into a beaker and mixed
with 42 mL of dimethylformamide (DMF). The mixture was
stirred until the solid dissolved, and then 10 mL of
concentrated hydrochloric acid was added and stirred for 30
min. The reaction mixture was then transferred to a PTFE-
lined autoclave and reacted at 120 °C for 24 h. After
completion of the reaction, the product was centrifuged and
washed three times with DMF and methanol. The resulting
solid was dried at 60 °C for 12 h to obtain UiO-66-NH2.
2.1.2. Synthesis of UiO-66-PO3. 0.26 g amount of 3-

phosphonopropionic acid was added to 20 mL of 2-
morpholinoethanesulfonic acid buffer solution. Then, 0.65 g
of EDC and 0.39 g of NHS were added to activate the
carboxylic acid groups and stirred for 30 min. Afterward, 0.5 g
of UiO-66-NH2 was added and stirred for another 3 h. After
completion of the reaction, the solid was centrifuged and

Figure 1. Synthesis procedure of UiO-66-NH2 (a) and UiO-66-PO3 (b).

Figure 2. chematic diagram of the preparation and analysis testing of N/P-C-UiO-66@AC composites.
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washed five times with deionized water (DI). The resulting
solid was dried at 60 °C for 12 h to obtain UiO-66-PO3. Figure
1a,b shows the synthesis steps of UiO-66-NH2 and UiO-66-
PO3, respectively.
2.1.3. Preparation of N-C-UiO-66 and N/P-C-UiO-66. UiO-

66-NH2 and UiO-66-PO3 prepared as described above were
separately placed in a tube furnace. Under a N2 atmosphere,
the temperature was ramped up to 1000 °C at a rate of 5 °C/
min, then held at 1000 °C for 2 h, and finally cooled down to
room temperature at the same rate. The resulting products
were washed with hydrochloric acid to remove impurities,
followed by rinsing with DI. The products were then dried in a
vacuum drying oven at 70 °C to obtain N-C-UiO-66 and N/P-
C-UiO-66, respectively.
2.1.4. Preparation of N-C-UiO-66@AC and N/P-C-UiO-

66@AC Composite Materials. N-C-UiO-66 and N/P-C-UiO-
66 were mixed with AC at a mass ratio of 10:1 to obtain the
products N-C-UiO-66@AC and N/P-C-UiO-66@AC compo-
site materials. The preparation of N/P-C-UiO-66@AC and the
electrochemical test of the electrode prepared from it are
shown in Figure 2.
2.1.5. Assembly of the N/P-C-UiO-66@AC//N/P-C-UiO-

66@AC Supercapacitor. To prepare the two-electrode cell, we
solvated the N/P-C-UiO-66@AC electrodes with KOH
electrolytes and placed them on nickel foam. They were then
compressed using a hydraulic press, applying a pressure of 10
MPa for 30 s to form well-adhered films on the nickel foam. To
create a symmetric SC, two identical N/P-C-UiO-66@AC
samples on separate nickel foam were used as electrodes with
no additional additives. They were separated by a TF4535 fiber
membrane soaked with electrolytes. All components were
assembled into a layered structure and tightly sealed with an

aluminum plastic film for electrochemical measurements. DI
with high-purity standards was used in this work.
2.2. Materials Characterization. Feld emission scanning

electron microscopy (FESEM) was performed on a Nova
Nano SEM 450 scanning electron microscope. X-ray photo-
electron spectroscopy (XPS) was used to analyze the
composition and chemical state of the surface elements and
functional groups. The crystal structure of the sample was
studied by XRD (D8 ADVANCE, Bruker, Germany).
2.3. Electrochemical Tests. The electrochemical tests

were conducted by using a CHI660E workstation (Shanghai
Chenhua) in a 3 M KOH aqueous solution. To investigate the
electrochemical performance of the samples, a three-electrode
system was employed. The reference electrode was a saturated
calomel electrode, and Pt wire served as the counter electrode.
The specific capacitances (Cs) of the individual electrode and
the two-electrode cell were determined by analyzing the
galvanostatic discharge curves using eq 1. Furthermore, the
specific energy density (Ec) and specific power density (Pc)
were calculated based on eqs 2 and3, respectively

=C
I t

m Us (1)

=
×

E
C U
2 3.6c

s
2

(2)

=
×

P
E

t
3600

c
c

(3)

where I represents the discharge current, Δt denotes the
discharge time, and m represents the mass of the active
material in the three-electrode system. In the case of the two-

Figure 3. SEM maps of (A) UiO-66-NH2, (B) UiO-66-PO3, (C) N-C-UiO-66, and (D) N/P-C-UiO-66 and elemental mapping of (D-1) Zr, (D-2)
O, (D-3) C, (D-4) P, and (D-5) N.
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electrode cell, m refers to the total active mass of both
electrodes. Additionally, ΔU represents the voltage window.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Materials. Figure 3A,B

shows the SEM images of UiO-66-NH2 and UiO-66-PO3,
respectively. As seen, both UiO-66-NH2 and UiO-66-PO3
exhibit regular octahedral shapes. This result indicates that
the structure of UiO-66-PO3 was not destroyed after
phosphonation. However, the surface of UiO-66-PO3 looks
rougher than that of UiO-66-NH2, which suggests that the
phosphonation process produced many defects in the interior
of UiO-66-PO3. N-C-UiO-66 and N/P-C-UiO-66 were
obtained after high-temperature calcination at 1000 °C. As
shown in Figure 3C,D, the morphologies of N-C-UiO-66 and
N/P-C-UiO-66 changed significantly from an octahedral shape
to an irregular shape. Additionally, their particle size decreased
significantly compared to that before carbonization. This
phenomenon suggests that the octahedral framework of UiO-
66 collapsed and twisted during carbonization, which may
provide more redox-active sites.
In addition to the above analysis, energy-dispersive

spectrometry (EDS) was used in combination with SEM to
study the types and contents of elements in the material. The
element mapping results for Zr, O, C, P, and N in the N/P-C-
UiO-66@AC composite material are shown in Figure 3D-1, D-
2, D-3, D-4, and D-5, respectively. These figures indicate that
the five elements are evenly distributed in the material. These
results demonstrate that the composite material contains Zr,
O, C, P, and N, indicating successful doping of N and P
elements into the material.
In order to study the changes in the crystal structure and

morphology of the composite materials before and after
modification and carbonization, XRD characterization was
carried out on UiO-66-NH2, UiO-66-PO3, and N/P-C-UiO-
66@AC. The test results are shown in Figure 4. It can be seen

from the figure that the position, height, and width of the
diffraction peaks of UiO-66-NH2 are consistent with those
reported in previous literature,20 indicating the successful
preparation of UiO-66-NH2. The intensity of the diffraction
peak at the same position of UiO-66-PO3 after modification is
weaker than that of UiO-66-NH2, indicating that defects were
generated inside the phosphorized UiO-66-NH2 after
phosphonation, but the crystal structure remains basically
unchanged.21 After high-temperature carbonization, the
characteristic peak of UiO-66-NH2 in N/P-C-UiO-66@AC

disappeared, indicating that the crystal structure changed and
partially collapsed from the original regular octahedral
structure to an amorphous state, which is consistent with the
SEM results in Figure 3.
To further investigate the chemical structure of the material,

XPS was used to study the elemental composition and valence
state of N/P-C-UiO-66@AC. As shown in Figure 5A, the XPS
spectra of UiO-66-NH2, N-C-UiO-66@AC, and N/P-C-UiO-
66@AC reveal that the synthesized composite material
contains five elements, including P, Zr, C, N, and O. The P
2p peak in the N/P-C-UiO-66@AC spectrum indicates the
successful doping of P in the UiO-66 substrate using the
experimental method in this work. Subsequently, the high-
resolution XPS spectra of Zr 3d were studied to analyze the
oxidation state of Zr (Figure 5B). Two characteristic peaks at
185.6 and 183.2 eV, representing Zr 3d5/2 and Zr 3d3/2,
respectively, were observed in both the N-C-UiO-66@AC and
N/P-C-UiO-66@AC spectra. The splitting width of Zr 3d was
2.4 eV, indicating the presence of the Zr4+ valence state.22

Figure 5C shows the high-resolution XPS spectra of the O 1s
peak. The two characteristic peaks at 531.1 and 532.5 eV
demonstrate the existence of PO3− and O−Zr−O,23 which is
consistent with the previous analysis of the Zr 3d high-
resolution XPS spectra and indicates the presence of ZrO2 in
the composite material. Figure 5D shows the high-resolution
XPS spectra of C 1s, where three peaks at 285.5, 286.8, and
289.9 eV are attributed to the characteristic peaks of C−Zr,
C−N, and O−C�O, respectively. Figure 5E shows the high-
resolution XPS spectra of N 1s, which can be divided into two
peaks at around 400.4 and 402.7 eV, corresponding to pyrrolic
N and quaternary N in the composite material, respectively.24

Moreover, there is a clear peak at 133.5 eV in the P 2p
spectrum (Figure 5F), which combined with the previous high-
resolution O 1s spectra confirms the presence of P as PO3−

with a valence state of +5. These results indicate the successful
doping of the N and P elements in the composite material.
3.2. Electrochemical Properties Analysis. To investigate

electrochemical properties, N-C-UiO-66@AC and N/P-C-
UiO-66@AC were tested as working electrodes in a three-
electrode system in an electrolytic cell containing 6 M KOH.
Figure 6A shows the Nyquist plots of the UiO-66-NH2, UiO-
66-PO3, N-C-UiO-66@AC, and N/P-C-UiO-66@AC electro-
des, where the intercept of the curves on the x-axis represents
the equivalent series resistance (Rs), the diameter of the high-
frequency semicircle represents the charge transfer resistance
(Rct), and the slope of the line in the low-frequency region is
related to the ion diffusion process.25−28 The Rs values of N-C-
UiO-66@AC and N/P-C-UiO-66@AC were evidently lower
than those of UiO-66-NH2 and UiO-66-PO3, indicating that
the carbonization of MOF materials and the introduction of
AC have significantly improved the conductivity of the
materials. The Rs values of UiO-66@AC and N/P-C-UiO-
66@AC electrodes were 0.766 and 0.769 Ω, respectively,
indicating that P doping did not significantly decrease the
conductivity of the material. The slope of N/P-C-UiO-66@AC
is significantly larger than that of N-C-UiO-66@AC, indicating
that its ion diffusion rate is faster.29 This should be attributed
to the introduction of the P element, which maintains the
original porous structure of UiO-66 and increases the
hydrophilicity of N-C-UiO-66.
The galvanostatic charge−discharge (GCD) curves of these

four samples measured at a current density of 1.0 A/g are
shown in Figure 6B. It can be seen from the figure that all of

Figure 4. XRD patterns of UiO-66-NH2, UiO-66-PO3, and N/P-C-
UiO-66@AC.
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the GCD curves of these samples exhibit symmetric triangular
shapes in the −1 to 0.2 V potential window. The discharge
time of the UiO-66-NH2 and UiO-66-PO3 electrodes is
significantly shorter compared to the carbonized samples,
indicating that the energy storage performance of UiO-66-NH2
and UiO-66-PO3 electrodes is relatively poor. Moreover,
compared with the N-C-UiO-66@AC electrode, the N/P-C-
UiO-66@AC electrode has a longer discharge time and a
higher specific capacitance at a current density of 1.0 A/g. This
is because N/P-C-UiO-66@AC provides more electrochemi-
cally active sites for the reaction and improves the ion
transport efficiency. This further confirms that doping both N
and P atoms can improve the electrochemical performance of
the electrode material, thereby increasing the storage capacity.
Coulombic efficiency refers to the ratio of the discharge
capacity and charge capacity and is an important metric to
evaluate the reversibility of the SC.25 The Coulombic
efficiencies of N-C-UiO-66@AC and N/P-C-UiO-66@AC
are 95.9 and 58.7%, respectively. The above results indicate
that N-C-UiO-66@AC has better electrochemical reversibility
than N/P-C-UiO-66@AC.

Figure 6C shows the variation of the specific capacitance of
various electrode materials. The UiO-66-NH2 and UiO-66-
PO3 electrodes exhibited a negligible specific capacitance,
while N-C-UiO-66@AC and N/P-C-UiO-66@AC showed
significantly higher specific capacitance. This clearly demon-
strates the effectiveness of the carbonization treatment in
enhancing the energy storage performance of UiO-66
materials. Furthermore, compared with the N-C-UiO-66@
AC electrode, the N/P-C-UiO-66@AC electrode exhibits a
smaller change in the specific capacitance and a better rate
performance. Due to the low-energy storage performance of
the UiO-66-NH2 and UiO-66-PO3, they are not suitable as
energy storage materials. Therefore, we tested the CV curves of
only N-C-UiO-66@AC and N/P-C-UiO-66@AC at a scan rate
of 100 mV/s. As seen from Figure 6D, all the CV curves have
distinct redox peaks in the range of 0.2−0.5 V, which
demonstrates that the ZrO2 formed by high-temperature
carbonization of UiO-66 provides a large amount of
pseudocapacitance.30

Figure 6E shows the GCD curves of N/P-C-UiO-66@AC at
current densities ranging from 1.0 to 10 A/g. It can be seen
from the figure that the GCD curve still maintains a symmetric

Figure 5. (A) XPS spectra of N/P-C-UiO-66@AC; (B) Zr 3d high-resolution XPS spectra; (C) O 1s high-resolution XPS spectra; (D) C 1s high-
resolution XPS spectra; (E) N 1s high-resolution XPS spectra; and (F) P 2p high-resolution XPS spectra.
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triangular shape as the current density increases. When the
current density increases to 10 A/g, ions do not have enough
time to diffuse into all of the pore structures of the electrode
material, leading to a decrease in capacitance. This indicates
that the N/P-C-UiO-66@AC electrode material has a high
charge−discharge reversibility and good rate performance. The
cycling stability of the material plays a crucial role in their
practical applications.31−33 As shown in Figure 6F, GCD tests
were carried out at a current density of 10 A/g to study the
cycling stability of N/P-C-UiO-66@AC. After 5000 cycles of
repeated charge and discharge, the specific capacitance
retention rate was 88.5%. The inset in Figure 6F shows a
comparison between the GCD curves before and after 5000
cycles at a current density of 10 A/g. From the graph, it can be
seen that there is little change in charge and discharge time
before and after cycling, indicating that the prepared N/P-C-
UiO-66@AC electrode has good cycling stability and energy
storage capacity.
Table 1 summarizes the comparison of the electrochemical

performance of N/P-C-UiO-66@AC and other reported
carbon-based nanocomposite electrode materials. From the

table, it can be seen that the N/P-C-UiO-66@AC prepared in
this experiment has the best electrochemical performance,
which can be attributed to several reasons: (i) ZrO2 formed by
high-temperature calcination can effectively provide a large
amount of pseudocapacitance; (ii) the high-temperature
carbonization of UiO-66 and the introduction of AC have
improved the conductivity of the material; and (iii)
simultaneous doping of nitrogen (N) and phosphorus (P)

Figure 6. Three-electrode electrochemical tests of different samples: (A) Nyquist diagram; (B) GCD curves at a current density of 1 A/g; (C)
specific capacitance at various current densities of 1.0−10 A/g; (D) CV curves of N-C-UiO-66@AC and N/P-C-UiO-66@AC at 100 mV/s; (E)
GCD curves of N/P-C-UiO-66@AC at different current densities of 1.0−10 A/g; and (F) reusability performance of the N/P-C-UiO-66@AC
electrode.

Table 1. Comparison of the Electrochemical Properties of
Carbon-Based Nanocomposites

electrode material current density specific capacitance references

C-UiO-66-ATa 1.0 A/g 117 F/g 17
C-UiO-66 20 mV/s 32.7 F/g 34
PANI/ZrO2 0.2 A/g 127 F/g 35
C/Zn-MOF 0.5 A/g 138 F/g 36
NiO film/ITOb 1.0 mA/cm2 2.08 F/cm2 37
N/P-C-UiO-66@AC 1.0 A/g 140 F/g this work
aUiO-66 subjected to carbonization and acid treatment. bIndium tin
oxide.
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atoms can provide more active sites for the Faraday reaction
and increase the efficiency of ion transport.
3.3. Performance of the Symmetric Supercapacitor.

In order to further evaluate the practical application value of
the N/P-C-UiO-66@AC electrode, a symmetrical SC was
assembled by using two identical N/P-C-UiO-66@AC electro-
des in a solution containing 6.0 M KOH. Figure 7A shows the
CV curve of N/P-C-UiO-66@AC//N/P-C-UiO-66@AC at
different potential windows (1.0−1.4 V). It can be observed
from the figure that the curve remains nearly rectangular at the
voltage window of 0−1.2 V, and the anodic current does not
increase significantly. However, when the voltage window
reaches 1.4 V, the anodic current increases rapidly due to the
electrolysis reaction of water. This indicates that the SCs have
good electrochemical reversibility and capacitance perform-
ance at a voltage of 1.2 V. Therefore, the performance of N/P-
C-UiO-66@AC//N/P-C-UiO-66@AC was tested in the
voltage window of 0−1.2 V. Figure 7B shows its CV curve
at different scan rates (10−100 mV/s). As seen, even at a high
scan rate of 100 mV/s, the CV curve remains rectangular,
indicating that N/P-C-UiO-66@AC//N/P-C-UiO-66@AC
has good electrochemical reversibility.
To further study the rate performance of N/P-C-UiO-66@

AC//N/P-C-UiO-66@AC, GCD tests were conducted. Figure
7C shows the GCD curves of the SC tested at current densities
of 1.0−10 A/g. It can be observed from the figure that all GCD
curves are isosceles triangles, indicating that N/P-C-UiO-66@
AC//N/P-C-UiO-66@AC has a low internal resistance. Figure
7D shows the specific capacitance of the capacitor obtained
based on the GCD curve at current densities of 1.0−10 A/g.
The specific capacitance is 55 F/g at a low current density of
1.0 A/g and 38 F/g (retaining 69%) at a high current density
of 10 A/g, indicating that the SC has high specific capacitance
and excellent rate performance. The insert in Figure 7D shows
that N/P-C-UiO-66@AC//N/P-C-UiO-66@AC can light up

an LED, indicating that the SC has certain practical application
value.
Figure 8 is the Ragone plot of the N/P-C-UiO-66@AC//N/

P-C-UiO-66@AC symmetric SC. As seen, the energy density

of the N/P-C-UiO-66@AC//N/P-C-UiO-66@AC is higher
than those of the previously reported electrode materials for
SCs.38−41 When the power density is 600 W/kg, the energy
density of N/P-C-UiO-66@AC//N/P-C-UiO-66@AC can
reach 11.0 W h/kg. Even at a high power density of 6000
W/kg, its energy density could still be maintained at 7.5 W h/
kg.

4. CONCLUSIONS
In this work, a simple method was used to successfully prepare
N/P-C-UiO-66@AC composite materials. The electrical
conductivity and capacitance of UiO-66 were improved by
using carbonization and the addition of AC. In addition, the

Figure 7. Electrochemical performance of the N/P-C-UiO-66@AC//N/P-C-UiO-66@AC symmetric supercapacitor in a 6 M KOH electrolyte:
(A) CV curves at different voltage ranges at the scanning rate of 100 mV/s; (B) CV curves at different scanning rates of 10−100 mV/s; (C) GCD
curves at different current densities of 1.0−10 A/g; and (D) specific capacitance curve of N/P-C-UiO-66@AC//N/P-C-UiO-66@AC symmetric
supercapacitors. Inset is a photograph of LED lights lit with symmetric supercapacitors.

Figure 8. Ragone diagram of N/P-C-UiO-66@AC//N/P-C-UiO-
66@AC symmetric supercapacitors and other MOF-based symmetric
supercapacitors reported in the literature.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05500
ACS Omega 2023, 8, 44689−44697

44695

https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05500?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


introduction of nitrogen (N) and phosphorus (P) further
provides more active sites for Faradaic reactions and increases
the efficiency of the ion transport. The electrochemical test
results showed that the specific capacitance of the N/P-C-UiO-
66@AC electrode could reach up to 140 F/g at a current
density of 1.0 A/g. Furthermore, after 5000 cycles of charge
and discharge at a current density of 10 A/g, the capacitance
retention rate remained at 88.5%. These test results indicated
that the SCs assembled with this electrode material had good
storage capacity, excellent cycling stability, and an outstanding
rate performance. The N/P-C-UiO-66@AC//N/P-C-UiO-
66@AC symmetric SC assembled with this electrode material
had an energy density of 11.0 W h/kg and a power density of
600 W/kg. Even at a high power density of 6000 W/kg, its
energy density could still be maintained at 7.5 W h/kg.
Therefore, this method can provide a certain reference for the
development of high-performance SCs in the future.
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