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UlO-66-NH,-derived mesoporous carbon used as
a high-performance anode for the potassium-ion
batteryf
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and Shijun Liao @ *

As potassium is abundant and has an electronic potential similar to lithium's, potassium-ion batteries (KIBs)
are considered as prospective alternatives to lithium-ion batteries (LIBs). However, the much larger radius of
the K ion poses challenges for the potassiation and depotassiation processes when the typical graphite-
based anode is used, resulting in poor electrochemical performance. Thus, there is an urgent need to
develop novel anode materials that are suitable for K ions. Herein, we develop a porous carbon material
with high surface area derived from UIO-66-NH, metal-organic frameworks as an anode material
instead of a graphite-based anode. The material is prepared using a double-solvent diffusion-pyrolysis
method, which increased mesopore volume and average pore size, and to a certain extent, slightly
improved the nitrogen content of the production. The material exhibits a high capacity as well as
excellent rate performance and cycling stability. A potassium battery with our porous carbon as the
anode delivers a high reversible capacity of 346 mA h g* at 100 mA g~ (compared to 279 mA h g~¢
with a graphite-based anode), and 214 mA h g~* at a discharge rate of up to 2 A g~1. After 800 cycles,
the capacity is still 187 mA h g™t at 0.1 A g~%. Qualitative and quantitative kinetics analyses demonstrated
that the battery's high K storage performance was principally dominated by a surface-driven capacitive
mechanism, and the potassiation and depotassiation processes may have occurred on the surface of the
porous carbon instead of in the interlayer space, as is the case with a graphite anode. This work may

rsc.li/rsc-advances

1. Introduction

In recent years, due to the rapid development of portable elec-
tronic devices and electric vehicles,* lithium-ion batteries (LIBs)
have been the dominant power sources for these applications.>
However, lithium's scarcity (0.0017 wt%) and consequent rising
cost mean that demand for its use in widespread, large-scale
energy storage systems cannot be met.* Thus, it is a priority to
develop alternative metal-ion batteries composed of earth-
abundant elements such as potassium, aluminum, sodium,
and so on. Potassium-ion batteries (KIBs) that possess similar
electrochemistry to LIBs are beginning to receive greater
attention. First in the KIB's favor is that potassium is abundant
in the Earth's crust (2.09 wt%) and evenly distributed, leading to
lower production costs.* Second, the lower Lewis acidity and
smaller desolvation energy of the K ion guarantee faster ion
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provide a basis for developing other carbonaceous materials to use in KIBs.

diffusion kinetics.® Third, as K/K' has lower redox potential
than Na/Na® (—2.93 V vs. —2.71 V),° KIBs can offer a higher
working voltage and energy density.” Collectively, these advan-
tages make KIBs outstandingly promising alternatives to LIBs.
However, the larger size of K* (1.38 A) compared with Li* (0.76 A)
and Na' (1.02 A) poses challenges for the potassiation and
depotassiation processes on a graphite-based anode, resulting
in poor electrochemical performance. Tremendous effort has
thus been devoted to exploring appropriate electrode materials
with stable structures and excellent performance.®

Currently, the low cost and environmental benignity of
carbonaceous materials make them the first choice as potential
anode materials for KIBs. A graphite anode in a KIB can
generally give a capacity of 279 mA h g™, resulting from the
formation of a K-graphite intercalation compound at stage 1.°
This limited specific capacity is far from satisfactory for
commercial requirements. Worse still, graphite anode material
with confined interlayer spacing also exhibited poor rate
performance and cycling stability. Clearly, finding new anode
materials for KIBs remains an urgent issue.

To overcome the obstacles of using graphitic materials in
KIBs, a few researchers have investigated the application of
porous carbon materials with special structures and high
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surface area, and they have verified this to be an efficient
strategy.”*™ Ci et al' synthesized hierarchically nitrogen-
doped porous carbon via a facile self-template method and
found that the highly developed pore structure resulted in
a high reversible capacity that yielded an outstanding rate
capability of 185 mA h g ' at 10.0 A g~ . Feng et al.** selected
a metal-organic framework (MOF; MIL-125 (Ti)) as an electrode
material for KIBs because of its high porosity and found it could
deliver a capacity of 208 mA h g ' at a current density of
10 mA g~ . A highly developed pore structure and high porosity
are beneficial characteristics to facilitate ion/electron transport
and alleviate volume expansion during the potassiation/
depotassiation processes.

Nitrogen doping is another approach to enhance K storage
performance, as it can regulate electronic structure and
increase reactivity.'®'” Generally, both soft and hard templates
can yield mesoporous carbon materials, but it is complicated to
synthesize and remove the template. Thanks to their tunable
pore metrics and controllable chemical compositions, MOFs
are promising precursors for preparing porous carbon materials
for energy storage. However, carbon directly derived from MOFs
is usually microporous and thus unable to accommodate
reversible K" insertion/extraction, resulting in low performance
in KIBs, especially poor rate capacity and cycle ability. There-
fore, a mesoporous carbon material with a controllable pore
structure is highly sought after to boost KIB performance.'®

UIO-66-NH, is a new type of MOFs material with larger pore
size (0.8-1.1 nm) and higher surface area than typical MOFs,
and its banded NH; molecules are beneficial for nitrogen
doping.*® Therefore, we prepared a N-doped porous carbon (N-
PC) material using a double-solvent diffusion-pyrolysis
method with UIO-66-NH, adsorbed NH,CI as the precursor.
On the basis of UIO-66-NH, directly derived carbon material,
the N-PC obtained by the method of secondary nitridation used
by NH,CI It not only inherited the regular nano-octahedral
morphology from the UIO-66-NH, precursor, but also
increased mesoporosity and average pore size. As expected, the
N-PC exhibited outstanding electrochemical reaction kinetics
and electrochemical performance as the anode in KIBs. It
delivered 346 mA h g~ " at a current density of 100 mA g~ ', and
at a high discharge rate of 500 mA g~ ', its capacity still reached
308 mA h g~ ', Even at a very high discharge rate of 2.0 Ag ™, its
capacity was 214 mA h g~ . After 500 cycles at a current density
of 500 mA g, the capacity was 240 mA h g~ . We also studied
the pseudocapacitance effect driven by the surface process,
a valid method to enhance K storage ability, and the potassium
ion diffusion kinetics.*

2. Experimental section

2.1 Materials synthesis

2.1.1 Synthesis of nano-octahedral UIO-66-NH,. The UIO-
66-NH, nano crystals were synthesized by a method described
in the literature, with very minor modifications.”* A typical
synthesis was as follows. We simultaneously dissolved 52 mg of
ZrCl, and 39.5 mg of 2-aminoterephthalic acid (NH,-BDC) in
50 mL N,N-dimethylformamide (DMF) containing 6 mL acetic
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acid (HAc). Then the mixture was transferred to a 100 mL
Teflon-lined stainless-steel autoclave and reacted in a thermo-
static drying oven at 120 °C for 24 h. The resulting precipitate
was collected by centrifugation and washed with DMF and
methanol three times each, then dried under vacuum at 80 °C
for further use.

2.1.2 Preparation of nano-octahedral N-PC. The N-PC was
prepared using a double-solvent diffusion-pyrolysis method
(DSDPM).** Dehydrated UIO-66-NH, (300 mg) was suspended in
50 mL of dry n-hexane as a hydrophobic solvent, and the
mixture was sonicated for about 30 min until it became
homogenous. Then, ammonium chloride solution (120 mg
NH,Cl dissolved in a water-methanol (1 : 1) solvent) was added
dropwise over a period of 30 min with constant vigorous stir-
ring. The resulting suspension/solution system was continu-
ously stirred for another 30 min so that the ammonium chloride
could become well diffused in the UIO-66-NH, channels. The
solid settled to the bottom of the flask after stirring ceased.
Then the sample, which we denote as N@UIO-66-NH,, was
isolated from the supernatant by decanting and dried under
vacuum at 80 °C for 12 h.

Pyrolysis of N@UIO-66-NH, was performed at 800 °C in
a temperature-programmed furnace under an Ar atmosphere.
After the sample was cooled down to room temperature, it was
immersed in 20 wt% HF for 24 h, washed with distilled water,
and dried at 80 °C under vacuum overnight. Finally, the sample
was heat-treated at 900 °C again under Ar flow for 1 h.

The comparative sample, PC, which was directly derived
from UIO-66-NH,, was synthesized following the same proce-
dures but without adding NH,Cl to the precursors.

2.2 Materials characterization

X-ray powder diffraction (XRD) of all the synthesized samples
was performed on a TD-3500 powder diffractometer (Tongda,
China) using Cu-Ka. radiation (2 = 1.54178 A) and operating at
30 kv and 20 mA. Scanning electron microscopy (SEM) was
done with a Merlin field-emission SEM (Carl Zeiss). Trans-
mission electron microscopy (TEM) and energy-dispersives
spectroscopy (EDS) were performed with a JEM-2100 trans-
mission electron microscope (JEOL, Japan). X-ray photoelectron
spectroscopy (XPS) was conducted using a VG ESCALAB MK2 X-
ray photoelectron spectrometer (VG Corporation, UK) with an
Al-Ka X-ray source. Raman spectroscopy was done using a Lab-
RAM Aramis Raman spectrometer (HJY, France). Brunauer-
Emmett-Teller (BET) measurement was performed on a Tristar
II 3020 gas adsorption analyzer (Micromeritics, USA).

2.3 Electrochemical measurement

The KIBs used for evaluation were assembled in CR2032 coin
cells, with K metal foil as the cathode (acting as the counter/
reference electrode in the measurements), our prepared mate-
rial coated on Cu foil as the anode, a glass microfiber filter
(Whatman, Grade GF/D) as the separator, and a solution of
0.8 mol L™ KPF, in a mixture of ethylene carbonate (EC) and
diethyl carbonate (DEC) (1 : 1 in volume) as the electrolyte. Cell

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08808k

Open Access Article. Published on 04 January 2021. Downloaded on 2/23/2026 6:23:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

assembly was completed in a pure Ar-filled glove box (Mik-
rouna, Germany).

The anode was prepared as follows. The as-prepared active
material, acetylene black, and polyvinylidene fluoride (PVDF)
were dispersed in N-methyl-2-pyrrolidone (NMP) in a weight
ratio of 70:15:15, followed by ultra-sonication to obtain
a uniform slurry, coating on Cu foil, and drying in a vacuum
oven. The areal active material loading was 1 mg cm ™ for the
tested electrodes.

Battery performance measurements were carried out on
a Neware battery testing system (Shenzhen, China) at room

Fig. 1 Schematic illustration of the synthesis process for N-PC.
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temperature within the voltage range of 0.01-3 V (vs. K/K"). All
cyclic voltammetry (CV) measurements and electrochemical
impedance spectroscopy (EIS) were recorded on an Autolab
PGSTAT302N electrochemical station.

3. Results and discussion

Fig. 1 schematically illustrates the synthesis procedure for N-
PC. Worthwhile, to achieve higher storage capacity and faster
K" diffusion, it is vital to design a carbonaceous material with
mesopores, heteroatom dopants, and high surface area. For this

2

2% Pyrolysis, Wash

—
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Double-solvent Diffusion

Pyrolysis

Fig.2 SEMimages of (a) UIO-66-NH; and (b) N@UIO-66-NH,; (c) SEM image and (d) TEM image of N-PC; (e and f) TEM elemental mappings of

N-PC.
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reason, we employed DSDPM to draw NH,Cl into the interior of
the Zr-based MOF UIO-66-NH, to synthesize mesoporous
carbon. UIO-66-NH, was obtained by coordinating Zr** and 2-
aminoterephthalic acid.

The SEM image of UIO-66-NH, in Fig. 2a clearly shows its
uniform particle size and smooth external surface. After double-
solvent diffusion, the material's smooth nano-octahedral
morphology was perfectly preserved, with no obvious observ-
able changes (Fig. 2b). Fig. 2c shows an image of the porous
carbon material after pyrolysis, HF corrosion, and secondary
pyrolysis, in turn. Remarkably, the nano-octahedral
morphology was well retained by the final prepared material,
but because the transformation of the UIO-66-NH, micropores
to mesopores occurred during the pyrolysis process, the surface
of the nano-octahedral particles became much rougher. Fig. 2d
and S1 (ESIT) show the TEM image of the N-PC sample.

Energy-dispersive spectroscopy (EDS) mappings (Fig. 2e and
f) were used to confirm the existence of elemental C, N, and O,
and they clearly demonstrated a uniform distribution of all
three over the entire octahedron. Nitrogen doping in the carbon
skeleton efficiently altered its electronic structure and further
improved the material's reactivity.”

Fig. 3a shows the XRD patterns of UIO-66-NH, and N@UIO-
66-NH,, which clearly reveal that the crystal structure of UIO-66-
NH, did not change after the introduction of NH,CIl. However,
the strength of the peaks weakened.

After pyrolysis the peaks associated with UIO-66-NH, dis-
appeared, while the diffraction peaks of ZrO, for the two
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Fig. 3
corrosion; (c) XRD patterns and (d) Raman spectra of PC and N-PC.
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samples emerged (Fig. 3b). Further, after being leached with HF
solution and annealed again at 900 °C, all the peaks associated
with ZrO, disappeared, indicating that almost all of the zirconia
oxide had dissolved in the hydrofluoric acid. As shown in
Fig. 3c, two broad diffraction peaks near 22° and 43° were
observed for the two final prepared materials, which were
assigned to the (002) and (100) planes of carbon, respectively.>*
It is worth noting that the diffraction peaks of N-PC were weaker
than those of PC, and the (002) peak of N-PC shifted to 20.9°,
suggesting that the interlayer spacing (doo,) became larger with
the addition of ammonium chloride.”® This larger interlayer
distance turned out to be beneficial for the reversibility of
potassiation/depotassiation =~ and  resulted in  better
performance.

To further investigate the structure of carbon, we employed
Raman spectra. Two broad peaks appeared around 1341 cm ™ *
(D-band) and 1604 cm ' (G-band), as can be observed in Fig. 3d,
corresponding to the k-point phonons of the A;, symmetry of
sp’-hybridized carbon and the E,, vibration of sp>-hybridized
carbon, respectively.*® Ip/I, the intensity ratio of the D-band
and G-band, was used to evaluate the carbon's defects and
degree of disorder.”” It was obvious that the Ip/I; ratio of N-PC
(1.02) was higher than that of PC (0.93), revealing that N-PC
had a higher degree of disorder and more defects than PC,
which was in accordance with the XRD results.

XPS measurements were also performed to determine the
surface elemental composition and chemical state of the
prepared anode materials. The full survey spectra (Fig. 4a and b)
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(a) XRD patterns of UIO-66-NH, and N@UIO-66-NH,; (b) XRD patterns of PC/ZrO, and N-PC/ZrO, after the first pyrolysis without acid
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Fig.4 Survey XPS spectra of (a) PC and (b) N-PC; N 1s XPS spectra of (c) PC and (d) N-PC; distribution of various N species of (e) PC and (f) N-PC.

proved that both of the samples contained C, N, and O, which
was consistent with the observations from TEM elemental
mapping. The N contents in both samples are 10.90 at% and
6.69 at%, respectively, the N content of N-PC is only a little bit
higher than PC, however, N-PC possesses much high active N
content than PC. Fig. 4c and d show the high resolution XPS
spectra and their deconvolution results of PC and N-PC
samples. Generally, the deconvolution peaks located at
398.01, 399.96, 401.05, and 402.66 €V can be signed to pyridinic-
N, pyrrolic-N, graphitic-N, and oxidized-N, respectively,”® the
integrated/calculated results of each peak’ fraction were pre-
sented in Fig. 4e, f and Table S2 (ESI}). Clearly, N-PC sample
exhibited much lower inactive N fraction and much higher
active N fraction than PC sample. The fraction of oxidized-N of
PC is higher up to 21.37%, and only 10.32% for sample N-PC. It
is important that the doping with ammonia chloride

© 2021 The Author(s). Published by the Royal Society of Chemistry

significantly increased the fraction of active pyridinic-N. It is
widely recognized that pyridinic-N plays an important role in
enhancing the electrochemical performance,* due to its lone-
pair electrons, which may have induced additional defects
and generated more active sites. Pyridinic-N would adsorb more
K', leading to better reversibility. Further, pyridinic-N and
graphitic-N are both regarded as having sp? hybridization,
which contributed to enhancing the electronic conductivity of
the N-PC electrode, resulting in fast reaction kinetics.*®

Fig. 5a shows the nitrogen adsorption isotherms of UIO-66-
NH, and N@UIO-66-NH,. Both were typical type I isotherms;
the former had a higher surface area (1109 m* g~ ') than the
latter (627 m> g~ ') (Table S37), implying that the ammonium
chloride may have occupied the pores of UIO-66-NH,. Further-
more, the nitrogen adsorption-desorption curves of PC and N-
PC are presented in Fig. 5b. N-PC exhibited a clear type-IV

RSC Adv, 2021, 11, 1039-1049 | 1043
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(@) N, adsorption—desorption isotherms of UIO-66-NH, and NQUIO-66-NH,; (b) N, adsorption—desorption isotherms of PC and N-PC.

Fig. 6 (a) CV curves of N-PC electrode at a scan rate of 0.1 mV s~%; (b) the comparison of N-PC with other carbon-based anode materials; (c)
rate performance of two samples, with rates ranging from 0.2 to 1 A g% (d) cycling performance of N-PC and PC at 100 mA g~%; (e) cycling
performance of N-PC at a current density of 500 mA g~%.
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curve with a hysteresis loop, while the nitrogen sorption
isotherm of PC was type I. It is exciting that the BET surface area
of N-PC was as high as 1857 m* g~ " with a pore volume of 1.732
cm® g~ ! (Fig. 5b, S2b and Table S41), compared with 1694 m>
g ' and 1.367 cm® g for the PC sample. Notably, micropores
dominated in the PC material, whereas mesopores were domi-
nant in the N-PC (Fig. S2at). Obviously, the strategy of N-doping
using DSDPM had tremendous effects on pore size and pore
structure. In other words, tuning of the pore structure was
realized by introducing ammonium chloride into the channels
of the UIO-66-NH,. In view of this, we inferred that during the
carbonization process, N@UIO-66-NH, released a great deal of
NH; gas and HCI gas, which led to the bigger surface area,
mesopore volume, and average pore size by etching organic

0.2 PC

0.0

-0.2

—0.1mVs"

—0.3mVs'
——0.5mVs"

—0.7mVs"
—0.9mVs"!

Current (mA)

-0.44

00 05 10 15 20 25 3.0
Voltage(V vs.K/K")

-0.84 ——N-PC b-value:0.86

——PC  b-value:0.79
-1.0 4
-1.24

-1.4 1

Log(peak current (mA))

-1.6 4

08 06 04 -02 00
Log(Scan rate(mV s™"))

0.4

0.2 4

0.0 4

Current (mA)

0.9mV s™

00 05 1.0 15 20 25 3.0

Voltage(V vs.K/IK*)

View Article Online

RSC Advances

ligands or the derived carbon of N@UIO-66-NH,. Furthermore,
those unique pore structures would have facilitated electrolyte
transport and accelerated ion diffusion in the potassiation/
depotassiation process, thereby promoting K storage.

We tested the electrochemical performance of PC and N-PC
in KIBs. Fig. 6a displays the CV of N-PC for the first three cycles
in a voltage window of 0.01-3.0 V (vs. K/K"). In the first cathodic
scan, a peak near 0.55 V could be found, but it vanished in the
following scans due to the decomposition of the electrolyte and
the generation of a solid electrolyte interface (SEI) on the elec-
trode surface.’® The sharp peak around 0.01 V was derived from
the formation of KCg (potassiation). Accordingly, during the
anodic scan, the measured peak at nearly 0.26 V was assigned to
the extraction of potassium ions from the N-PC anode

—0.1mvs"’
——0.3mVs'

Current (mA)
&
N

0.4 ——05mVs
-1
0.6 0.7mVs
——0.9mVs'
0.8 A=

00 05 10 15 20 25 3.0
Voltage(V vs.K/IK*)

—_
o
=

P N-PC 88

go| MR PC 79

75
69 70
64
60 4 57 56
48
40 4
20 4
(1]
0.1 0.3 0.5 0.7

Scan rate (mV s™)

75

Capacitance contribution (%)

0.9

Current (mA)

-0.8 T T T T T T T
00 05 10 15 20 25 3.0

Voltage(V vs.K/IK*)

Fig.7 CV curves of (a) PC and (b) N-PC at various scan rates of 0.1to 0.9 mV s~ (c) b-values of PC and N-PC; (d) contribution of the capacitive
and diffusion-controlled capacities at different scan rates; contribution of the surface process at a scan rate of 0.9 mV s tin (e) PC and (f) N-PC.

© 2021 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2021, 11, 1039-1049 | 1045


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08808k

Open Access Article. Published on 04 January 2021. Downloaded on 2/23/2026 6:23:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(depotassiation).*> The CV curves were highly reversible and
overlapped well in the subsequent scans, which revealed the
excellent reversibility of the insertion/extraction of K" into/from
the N-PC anode.* In addition, the overall shape of the CV curves
exhibited typical characteristics of a double-layer capacitor,
indicating a surface-driven process (capacitive effect).

The first three galvanostatic charge-discharge curves of the
N-PC electrode at 100 mA g~ are displayed in Fig. S4a (ESIT).
The initial discharge capacity was up to 1753 mA h g~ ', while
the initial charge capacity was only 346 mA h g™ " at the end
charging voltage of 3.0 V, resulting in a low coulombic efficiency
of 19.7%. According to the literature, the highly irreversible
capacity was mainly ascribable to the formation of SEI film in
the first cathodic process, which was in accordance with the CV
observations.*

As shown in Fig. 6¢c, N-PC exhibited much better rate
performance than PC, delivering specific capacities of 324, 292,
272, 253, 246, and 214 mA h g~* at 0.2, 0.4, 0.6, 0.8, 1, and
2 A g7, respectively, almost 30% higher than those of PC at
each rate. Moreover, the specific capacity at the end of the rate
cycle was 286 mA h g~', compared with 324 mA h g~ " at the
start, indicating a capacity loss of only 11.7%, compared with
22.7% for PC. The charge-discharge curves at different rates are
presented in Fig. S3a and b (ESIt). The linear characteristics of
the charge-discharge curves became more remarkable as the
charge-discharge rate increased, suggesting a surface-driven
capacitance behavior.*

Fig. 6d presents the cycling performance of N-PC and PC at
100 mA g~ '. N-PC exhibited a charge capacity of 346 mAh g™ ' in
the initial cycle, which was significantly higher than PC
(265 mA h g™ 1). After 100 cycles, the reversible specific capacity
of N-PC was 283 mA h g ', a capacity retention of 82%,
compared with only 161 mA h g~ " (60.7%) for PC. Furthermore,
PC displayed unsteady coulombic efficiency, reflecting its
irreversibility.

The excellent potassium storage performance of N-PC was
further evidenced by cycling at high current densities. After 500
charge-discharge cycles at a current density of 500 mA g%, N-
PC still delivered a high specific capacity of 240 mA h g7,
with a superior coulombic efficiency of 98% (Fig. 6e). Even at
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1 A g ', N-PC retained a stable reversible capacity of
187 mA h g~ " after 800 cycles, a capacity decay of only 0.01% per
cycle, and its coulombic efficiency was up to 100%, as can be
observed from Fig. S3c (ESIY).

As clearly exhibited in Fig. 6b, the specific capacity of N-PC as
anode for KIBs also was studied and compared with that of
other reported carbon-based anode materials.

To further understand the electrochemical kinetics of the
material, CV measurement was carried out at various scan rates
ranging from 0.1 to 0.9 mV s~ ' (Fig. 7a and b). As the scan rate
increased, the CV curves changed regularly, and the anodic
peak shifted toward a higher potential as a result of increased
polarization at a higher scan rate. Using the equation i = a?,
which presents the relationship between peak current (i) and
scan rate (v), we can study the contribution ratio of the two
reaction mechanisms: surface-driven capacitive process and
diffusion-controlled process.*” Generally, a b-value of 0.5 means
a completely diffusion-controlled process, whereas a value of 1
represents a totally surface-driven process.*® The b-value can be
extracted from the slope of the log(v) — log(i) plots.*” In this
work, the b-values were calculated to be 0.86 for PC and 0.79 for
N-PC (Fig. 7c), suggesting that the surface-driven capacitive
process had a dominant effect on potassium storage.

The capacitive contribution could be further quantitatively
separated using the equation i = kv + k%, in which kv and
k% are the capacitive and diffusion-controlled contributions,
respectively.®® According to the equation iv'/? = kv'? + k,, the
k; and k, can be simulated via plotting i(V)/v*/* versus v*/>. The
relative contribution of the capacitive and diffusion-controlled
processes at different scan rates could be calculated (Fig. 7d).
Specifically, at a scan rate of 0.9 mV s, the quantification of
the capacitive contribution was 76% for PC and 80% for N-PC
(Fig. 7e and f). The enhancement of the capacitive contribu-
tion is ascribed to the increase indefects and pyridinic-N in N-
PC, both of which would have provided more active sites for
accommodating K ions and accelerating the transmission of
K".* Consequently, we can conclude that the capacitance
process was responsible for the excellent electrochemical
performance in KIBs with N-PC as the anode.
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Fig. 8 (a) Nyquist plots of PC and N-PC; (b) the linear relationship between w2 and Z' in the low-frequency region for N-PC.
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Fig. 9 Cycling performance and coulombic efficiency of N-PC (700, 800, and 900 °C) at a current density of 0.1 A gfl.

Fig. 8a shows the ex situ EIS spectra of the batteries with N-
PC and PC as anode, which were collected before cycles. Two
batteries exhibited identical Nyquist spectrum: a depressed
semicircle in the high-frequency region and a slash in the low-
frequency region.* It is interesting that the EIS spectra were
well overlapped with the fitting results. The inset of Fig. 8a
shows the equivalent circuit which is fitted with the EIS curve.
From the EIS curves, we can see that both materials have almost
same ohmic resistance (R;), but the battery with N-PC as anode
exhibited much lower charge-transfer resistance/impedance
(Rey)- For PC material, its R . is up to 500.85 Q, over two times
of that of N-PC (232.19 Q), clearly, the N doping significantly
accelerated electron transmission at the interface, resulting the
better battery performance of N-PC material.

The slash of the spectrum is ascribed to Warburg impedance
(W) during the diffusion of K" in the electrodes. The diffusion
coefficient of K' (Dg+) can be calculated via the formula:

RT?
2424 FACro?
where R is the gas constant (8.314 ] mol ' K™'), T is the
experimental temperature (293 K), A is the surface area of the
electrolyte-electrode interface, n represents the number of
electrons per molecule taking part in the insertion reaction, F
is the Faraday constant (96 500C mol '), C is the molar

concentration of K" in the electrode, and ¢ is the Warburg

coefficient that can be calculated from the slope of line of Z/
—1/2

Dy+

versus

Fig. 8b and S4b (ESIf) show the lines of Z' versus w '/ for
both samples, the calculated slope values (o) are 51.18 Q s~ */2
for N-PC and 60.46 Q s~*2 for PC. Finally, we calculated the
value of the K-ion diffusion coefficient (Dg:) for the N-PC
electrode is 3.47 x 10~ em® s™", which is 40% higher than
that of the PC electrode (2.48 x 10~ ! cm?® s ). The increase in
Dy~ further accounted for the excellent rate performance of N-
PC.

As shown in Fig. 9, experiments with N-PC using various first
pyrolysis temperatures (700 °C, 800 °C, and 900 °C, respectively)
demonstrated that 800 °C was the optimal pyrolysis tempera-
tures for the sake of the best potassium storage ability.

© 2021 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

In summary, we successfully prepared a new type of nitrogen-
doped mesoporous carbon material with a nano-octahedral
morphology and a high surface area for use as the anode in
a potassium ion battery instead of a conventional graphite-
based anode. The material was prepared by a double-solvent
diffusion-pyrolysis method and employed UIO-66-NH, as the
precursor. Our prepared material N-PC possessed high specific
surface area and a well-defined mesoporous structure. It
showed an impressive specific capacity of 309 mA h g ' at
500 mA g, a stable long-term cycling performance at 0.1 Ag™*
over 800 cycles, and a remarkable rate capability of
213 mA h g ' at 2 A g~ '. Quantitative analysis and theoretical
simulations verified that surface-driven capacitance may be the
dominant process for the excellent potassium storage perfor-
mance. N-doping significantly altered the electronic structure
and thus improved electrical conductivity and decreased the
charge transfer resistance. This work may provide a reference
for developing new types of carbon materials for KIBs instead of
graphite materials, in which the interlayer space is too small to
ensure the easy intercalation/deintercalation of potassium ions.
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