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Defect-rich N/O-co-doped porous carbon frameworks as anodes for
superior potassium and sodium-ion batteries
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Abstract:  Carbon with its high electrical conductivity, excellent chemical stability, and structure ability is the most promising an-
ode material for sodium and potassium ion batteries. We developed a defect-rich porous carbon framework (DRPCF) built with N/O-
co-doped mesoporous nanosheets and containing many defects using porous g-C;N, (PCN) and dopamine (DA) as raw materials. We
prepared samples with PCN/DA mass ratios of 1/1, 2/1 and 3/1 and found that the one with a mass ratio of 2/1 and a carbonization
temperature of 700 °C in an Ar atmosphere (DRPCF-2/1-700), had a large specific surface area with an enormous pore volume and a
large number of N/O heteroatom active defect sites. Because of this, it had the best pseudocapacitive sodium and potassium ion stor-
age performance. A half battery of Na//DRPCF-2/1-700 maintained a capacity of 328.2 mAh g ' after being cycled at 1 A g™ for 900
cycles, and a half battery of K//DRPC-2/1-700 maintained a capacity of 321.5 mAh g™ after being cycled at 1 A g™ for 1200 cycles.
The rate capability and cycling stability achieved by DRPCF-2/1-700 outperforms most reported carbon materials. Finally, ex-situ
Raman spectroscopy analysis result confirms that the filling and removing of K" and Na" from the electrochemically active defects
are responsible for the high capacity, superior rate and cycling performance of the DRPCF-2/1-700 sample.
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a relatively lower specific capacity of both anode and
cathode materials!'®. Therefore, both SIBs and PIBs

demonstrate a lower energy density, poorer rate cap-

1 Introduction

In the past 30 years, lithium-ion batteries (LIBs)
have dominated the primary market of portable power . ) B i .
o o [13] ability and cyclic stability than LIBs, which seriously
sources due to their high energy density' . However, o o
limits the development and application of both SIBs
and PIBs""'.

Hence, scientists have made significant efforts to

the price of LIBs keeps increasing with the expansion
of market to large-scale energy storage plants and
electric vehicles”. Therefore, sodium/potassium-ion
batteries (SIBs/PIBs) have attracted significant atten-

tion due to their potentially low production prices de-

search for more suitable anode materials with low pro-
duction cost, high specific capacity, superior rate cap-

ability, and excellent cyclic stability. Because the

rived from the abundance of sodium and

[4-6] mass-specific capacities of anode materials are much

potassium' . Unfortunately, the much larger radius

of Na" and K" than that of Li" seriously increases the
diffusion barrier within the solid lattice, which causes
more remarkable volume changes of both anode and
cathode materials during the (de)intercalation pro-

cesses’””. The heavier mass of Na'/K" also results in
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higher than those of cathode materials, anode materi-
als are considered as the critical limitation of the en-
ergy density of both SIBs and PIBs!"* ' As reported,
carbonaceous materials exhibit higher electrical con-

ductivity, better chemical stability, and better capabil-
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ity to alleviate the enormous volume expansion'®>"

than alloy-based materials!'>*” (2324,
selenides™? and sulfides®””**. Therefore,
aceous materials become extremely attractive anodes
for SIBs and PIBs!'*'6%2,

Defects, such as topological, vacancy, edge and

, metal phosphides

carbon-

complex defects, have been considered the most es-
sential active sites for Na” and K" storage™ **!. On the
contrary, the defect-free graphite structure is unsuit-
able for accommodating Na" and K" due to the nar-
row interlayer space. Therefore, researchers have ap-
plied defect engineering as an effective strategy to
generate defect-rich carbon nanostructures with en-
hanced energy storage performance”®’. N, O, P, S,
and F were reported as the typical heteroatoms to
dope carbonaceous materials for generating massive
active defect sites”®®. For example, N/O co-doped car-
bon network™*!, P/N co-doped 3D porous carbon****!
and nanoporous nitrogen-doped carbon!**"! all exhib-
it attractive Na/K-ion storage properties. The reported
density functional theory (DFT) calculation results
also indicated that the co-doping of carbon materials
by N and O could significantly increase the absorp-
tion energy of carbon materials to K and accelerate
the charge migration, in turn enhancing the capacity
and rate capability of carbon materials for potassium
ion storage!***,

Recently, a non-toxic, low-cost and environment-
friendly material, graphitic carbon nitride (g-C;N,),
has been developed as a photocatalyst due to its vis-
ible light absorption, tunable bandgap and accessible
synthesis methods®**". Herein, we develop a series of
3D defect-rich porous carbon frameworks (DRPCF)
built with N/O-co-doped carbon nanosheets using por-
ous g-C;N, as a precursor. As an anode material for
both SIBs and PIBs, DRPCFs exhibit high rate capab-
ility and long-term cyclic stability with a reversible
specific capacity of 328.2 and 321.5 mAh g' ata cur-
rent density of 1 A g ' over 900 and 1200 cycles, re-
spectively. Benefitting from the defect-rich porous
structure, the electrochemical performance of the ob-
tained DRPCF outperforms most reported carbon-

aceous materials.

2 Experimental

2.1 Preparation of porous g-C;N, (PCN)

A direct thermal polymerization method was ap-
plied to synthesize the PCN precursor. Typically, 20 g
of urea powder was mixed uniformly with 1 g of cit-
ric acid in an agate mortar for 10 min. The obtained
mixture was placed into a 100 mL crucible. Then, the
covered crucible was placed in a muffle furnace. Suc-
cessively, the furnace was heated at a ramping rate of
2 °C min "' and held at 550 °C for 4 h. Finally, the de-
sired PCN was obtained after cooling in the furnace
for the following characterization and applications.

2.2 Preparation of defect-rich porous carbon
framework (DRPCF)

Firstly, 3 g of trihydroxymethylaminomethane
(Tris) were thoroughly dissolved into 85 mL of deion-
ized water under magnetic stirring at room temperat-
ure for 10 min to obtain a Tris alkaline solution with a
concentration of 0.29 mol L™'. Subsequently, diluted
hydrochloric acid with a concentration of
1.164 mol L' was prepared by mixing 37% concen-
trated hydrochloric acid and deionized water in a
volume ratio of 9 : 1. Then, a Tris HCI buffer solu-
tion with a pH value of 8 was obtained by adding
15 mL of as-prepared diluted hydrochloric acid into
the as-prepared Tris alkaline solution. Continuously,
200 mg of PCN precursor powder and 100 mg of
dopamine were weighed and successfully dissolved
into the as-prepared Tris HCI buffer solution. After 30
min of ultrasonication treatment and magnetic stirring
at room temperature for 24 h, the obtained black
mixed suspension was washed and separated through
centrifugation at 13 000 r min ' for 20 min each time.
After washing with ethanol for 3 times, the centrifuga-
tion products, namely polydopamine-coated PCN
(PCN/PDA-2/1), were dried in a blast drying oven at
60 °C for 10 h and collected for further thermal treat-
the controlled PCN/PDA-3/1 and
PCN/PDA-1/1 were prepared by the same procedure

ment. Here,
with the mass ratios of PCN to dopamine at 3 : 1 and
1 : 1, respectively.

The obtained PCN/PDA powders were put in a
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porcelain boat and sealed in a tube furnace. After be-
ing carbonized under an argon atmosphere at 550,
700, 850 and 1000 °C for 4 h with a heating rate of
5 °C min "', the final DRPCF products were obtained
and marked as DRPCF-2/1-550, DRPCF-2/1-700,
DRPCF-2/1-850, DRPCF-2/1-1000, DRPCF-3/1-700,
and DRPCF-1/1-700, where 550, 700, 850 and 1000
are the ratio-carbonization temperatures.
2.3 Characterization

A Bruker X-ray powder diffractometer (DS ad-
vance A25, Cu-Ka radiation, A = 1.541 8 A), a scan-
ning electron microscope (SEM, HITACHI S4800),
and a high-resolution transmission electron micro-
scope (HRTEM, operated at 300 kV, FEI Talos
F200X) were used to characterize the crystal structure,
morphology and element distribution mapping of as-
prepared PCN precursor and DRPCFs. The chemical
and morphological structure within the as-prepared
DRPCFs were analyzed by Fourier transform infrared
(FT-IR) spectroscopy using a Nicolet 380 FT-IR spec-
trometer from 400 to 4 000 cm ' regimes and Raman
spectroscopy (Aramis, HORIBA) with a 532 nm laser.
X-ray photoelectron spectroscopy (XPS, KRATOS
Axis Supra) calibrated based on the binding energy of
the C 1s core peak located at 284.8 eV was used to de-
termine the constituent element compositions and
valence states of as-prepared DRPCFs. A Micromerit-
ics ASAP 2020 analyzer was applied to evaluate the
pore sizes and specific surface areas of DRPCFs.
2.4 Electrochemical Measurements

Assembly and disassembly of half potassium ion
batteries (HPIBs) and half sodium-ion batteries (HS-
IBs) were done in an ultrapure Ar gas-filled glove
box. The electrochemical performances of all DRPCF
anodes were evaluated in HPIBs and HSIBs. The ap-
plied counter and reference electrodes for HPIBs and
HSIBs were K and Na metals, respectively. The work-
ing electrodes were the composite electrodes of DRP-
CFs prepared by coating a homogeneous aqueous
slurry of the as-prepared DRPCF powder with Kejten
black (ECP600JD, AkzoNobel, 20%), carboxymethyl-
cellulose sodium (CMC, DS=0.7, 200-500 mPa.s,
10%) onto copper foils by using a doctor blade to a

thickness of 50 um. Subsequently, the DRPCF elec-
trodes were vacuum-dried at 65 °C for 12 h. Then, the
dried DRPCF electrodes were punched into discs of a
diameter 12 mm. The mass loading of the active DRP-
CFs was ~ 0.6 mg cm . 5 mol L™ potassium bis(flu-
orosulfonyl)amide (KFSI) and 1 mol L™ NaPF, dis-
solved in DIGLYME (DoDoChem) were used as the
electrolyte for HPIBs and HSIBs, respectively. The
separators for HPIBs and HSIBs are glass fibers (GE
Whatman, GF/A-1820-125). Galvanostatic (dis)char-
ging tests were carried out on a Land battery testing
system (CT2001A, Wuhan Land) within the voltage
window of 0.01-3 V (vs. K'/K) and 0.01 2.5 V (vs.
Na'/Na). The mass-specific capacity was calculated
based on the mass of active materials. Cyclic voltam-
metry (CV) tests were conducted at 0.01 to 3 V versus
K/ K" and 0.01 to 2.5 V versus Na/ Na" at scanning
rates of 0.2, 0.4, 0.6, 0.8 and 1 mV s'. Electrochemic-
al impedance spectroscopy (EIS) was carried out in the
100 MHz—-0.01 Hz at an amplitude of 10 mV. Gal-
vanostatic intermittent titration technique (GITT) was
conducted on the assembled HPIBs and HSIBs using
DRPCF-2/1-700 as the anode material to investigate
the kinetic properties of DRPCF within both HPIBs
and HSIBs. DRPCF electrodes discharged/charged to
various states were prepared by electrochemically dis-
charging the assembled HPIBs and HSIBs to the
voltage of 2.5, 2.0, 1.5, 1.0, 0.5, 0.01 V or success-
ively recharging the assembled HPIBs to 0.5, 1, 1.5,
2.0, 2.5 and 3 V at a current density of 100 mA g .
The tested HPIBs and HSIBs were disassembled in
the glove box and washed with DME to remove the
rudimentary electrolyte. Finally, the obtained elec-
trodes were put into the small transition cabin of the
glove box and dried by vacuuming the transition cab-
in. Ex-situ Raman spectroscopy and HR-TEM
coupled with EDX were conducted to investigate the
potassium/sodium ion storage mechanism of the
newly developed DRPCFs.

3 Results and discussion

Fig. S1 presents the XRD patterns and SEM im-
ages of PCN precursors prepared following the pro-
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cesses illustrated in Fig. la. As shown in Fig. S1, a
broad and sharp peak centered at 27.0° can be ob-
served from the XRD patterns of PCN. This diffrac-
tion peak should be ascribed to the (002) crystal plane
of heptazine-type g-C,N,, similar to our reported g-
C;N, for use as a high-performance visible light pho-
tocatalyst™'!. The SEM images in Fig. S2a, S2b and
S2¢ show that the as-prepared PCN is micron-sized
porous layered particles formed by restacking large g-
C,;N, nanosheets. The explicit wrinkle indicates an ul-
trathin characteristic of g-C;N, nanosheets. The
particle size is over 5 um. As shown in Fig. S1, the in-
troduction of PDA did not change the crystal struc-
ture of PCN. A uniform PDA coating can be ob-
served from the clear and smooth surface of PCN
(Fig. S2d, 2e and 2f).

Citrie acid

v &mé
550 °C 0.5 h, Air

.
/!

r L
=5
Tris-HCI

Stirring for 24 h

Fig. 1b, 1c and 1d present the SEM images of
DRPCF-2/1-700. Unlike the ultra-large nature of PCN
precursor, the obtained DRPCF2/1-700 becomes a 3D
porous carbon framework formed by nano-size car-
bon sheets. TEM image (Fig. 1e) coupled with the
corresponding mapping of elements C (Fig. 1f), O
(Fig. 1g), N (Fig. 1h) and CI (Fig. 1i) further prove the
porous characteristic and the uniform N/O/Cl-co-
doped nature of DRPCF-2/1-700. The uniform distri-
bution of Cl in Fig. 1i further comfirms the uniform
mixing of PDA and PCN. Compared to the SEM im-
ages shown in Fig. S3a, S3b and S4, the large-size
nanosheets of PCN have already evolved into porous
nanosheets. However, the sheet thickness of DRPCF-
2/1-550 is much higher than that of DRPCF-2/1-700.

With the increase of carbonization temperature from

g-C,N,/Polydopamine

N-rich porous carbon

700°C 4 h, Ar

Fig. 1 (a) Schematic illustration for the synthesis process of N/O-co-doped defect-rich porous carbon framework (DRPCF). (b, ¢, d) SEM images at different
magnifications. (¢) TEM image and the corresponding element distribution maps of (f) C, (g) N, (h) O and (i) Cl of DRPCF-2/1-700
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700 to 850, and 1000 °C, the thickness of the
nanosheet becomes thinner, as present in Fig. S3d,
S3e, S3g, S3h and S4. When the carbonization tem-
perature rises from 850 to 1 000 °C, the content of N
decreases, as seen in Table S1 and S2. The distribu-
tion uniformity gradually decreases, as seen in Fig.
S3c, S3f and S3i.

Fig. 2a presents the XRD patterns of DRPCF-2/1
obtained at the carbonization temperature from 550 to
1000 °C. Compared to the XRD pattern of PCN pre-
cursor, the diffraction peaks corresponding to the
crystal plane (002) become weaker and broader,
which should be caused by the seriously destroyed
stacking order along the (002) crystal plane of DRP-
CF. Moreover, only the diffraction peak of (002) crys-
tal plane belonged to DRPCF-2/1-700 maintains at

27°, the corresponding peaks of DRPCF-2/1-550,
DRPCF-2/1-850, DRPCF-2/1-1000, DRPCF-1/1-700
and DRPCF-3/1-700 upshift to 30°, due to the defect-
rich structure (Fig. 2a and S5a). This observation in-
dicates that the interlayer space of DRPCF-2/1-700 is
the largest.

Fig. 2b provides the Raman spectra of DRPCF-
2/1-550, DRPCF-2/1-700, DRPCF-2/1-850 and DRP-
CF-2/1-1000. The peaks centered at 1 350 cm ™' should
be generated by the defect-induced vibration of dis-
ordered carbons, namely the D band. The peaks
centered at 1 580 cm™' belong to the G band, derived
from the sp® vibration of graphitization carbons. As
summarized in Fig. 2c, the intensity ratio I/I of the
D band and G band increases from 2.46 for DRPCF-
2/1-550 to 2.61 for DRPCF-2/1-700, then decreases to
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Fig.2 (a) XRD patterns. (b) Raman spectra. (c) The corresponding I;,/I; evolution with the carbonization temperature of DRPCF-2/1 obtained at the carboniz-
ation temperature from 550 to 1 000 °C. (d) Nitrogen adsorption-desorption isotherms, (e) pore size distributions and (f) the calculated BET specific surface
areas and pore volumes of DRPCF-2/1 derived at the carbonization temperatures from 550 to 1 000 °C. (g) The deconvoluted N 1s,

(h) O 1s high-resolution X-ray photoelectron spectra (XPS) and (i) the obtained percentages of graphitic, pyrrolic, pyridinic N and

carbonyl, carboxyl, hydroxyl O groups of DRPCF-2/1 derived at the carbonization temperature from 550 to 1 000 °C
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2.58 for DRPCF-2/1-850, 2.10 of DRPCF-2/1-1000
with increasing the carbonization temperature. The
high I/I; values, including 2.48 of DRPCF-3/1-700
and 2.32 of DRPCF-1/1-700 (Fig. S5b), imply all
DRPCFs are defect-rich carbon. DRPCF-2/1-700 has
the most abundant structural defects, which provides
more active sites for K'/Na" storage and results in a
large peak shift of DRPCF-2/1-700 in the XRD pat-
tern.

Fig. 2d and 2e show the nitrogen adsorption-de-
sorption isotherms, and the pore size distributions of
DRPCF-2/1 with increasing the carbonization temper-
ature from 550 to 1000 °C. A typical mesoporous
structure can be clearly observed from the adsorption-
desorption isotherms and the pore size distributions of
DRPCF-2/1. The uniform in-plane pore is ~4 nm.
The average stacking pore is about 30 nm. Among all
DRPCF-1/2, DRPCF-2/1-700 has the largest specific
surface area of 273.5 m’g' and the largest pore
volume of 1.3 cm’g ' (Fig. 2f).

Fig. S6a presents the full X-ray Photoelectron
Spectroscopy (XPS) spectra of DRPCF-2/1-550,
DRPCF-2/1-700, DRPCF-2/1-850 and DRPCF-2/1-
1000. Only three main elements of C, N and O could
be found from the observed full XPS spectra. The cor-
responding contents of C, N and O in atomic mass ra-
tio is listed in Table S2. This observation is consistent
with the element mapping results shown in Table S1.
DRPCF-2/1-700 possesses the most abundant N and
O heteroatom defects in an atomic fraction of 32.73%
and 3.02%, respectively. It is also find that there is a
dramatic decrement of N species from DRPCF-2/1-
850 to DRPCF-2/1-1000 with increasing the carboniz-
ation temperature. The deconvoluted N 1s, O 1s and C
IS spectra of DRPCF-2/1-550, DRPCF-2/1-700,
DRPCF-2/1-850, and DRPCF-2/1-1000 are displayed
in Fig. 2g, 2h and S6b, respectively. As summarized
in Fig. 2i, more than 60% of N species are electro-
chemically active pyrrolic and Pyridinic N groups.

Galvanostatic charge/discharge measurements at
the current densities from 0.1 to 5 A g ' and long-term
cyclic measurements at 1 A g were conducted to in-

vestigate the potassium and sodium ion storage prop-

erties. The electrochemical performance in Fig. 3a and
3b demonstrates that all DRPCFs have a good rate
capability to store K'. Especially, DRPCF-2/1-700
shows the best rate performance, namely, 337, 311,
272, 235, 197 and 144 mAh g at 100, 200, 500,
1000, 2000 and 5000 mA g, respectively. Fig. S7
and 3c are the initial (dis)charge profiles at 0.1 A g’
and the following cycles at 0.2 to 5 A g'. Fig. S8 and
S9 show the corresponding (dis)charging curves at
different rates for all other DRPCFs. The slope pro-
files indicate that surface absorption and pseudocapa-
citive defects are the main capacity contributors. After
being cycled at 1 A g ' for 1200 times, the specific
charge capacity of DRPCF-2/1-700 anode materials
stabilize at 323 mAh g '. Compared to most of the re-

ported counterparts”®*>*

, the potassium ion storage
performance of DRPCF-2/1-700 is much superior
(Fig. 3e).

Cyclic voltammetry (CV) measurements were
conducted at scan rates from 0.2 to 1 mV s™' to under-
stand the potassium-ion storage mechanism. The ob-
tained CV curves are shown in Fig. 3f. The capacitive
contributions to the total capacities of DRPCF-2/1-
700 were calculated using the redox peak currents of
the CV curves. As shown in Fig. 3g and 3h, the capa-
citive contribution to the total capacities of DRPCF-
2/1-700 are 62.3%, 69.4%, 75.4%, 77.1% and 78.0%
at scan rates of 0.2, 0.4, 0.6, 2.0 and 5.0 mV s, re-
spectively. This observation further confirms that the
surface absorption and hetero-defect derived pseudo-
capacitance mainly control the electrochemical beha-
vior of DRPCF-2/1-700. Fig. S10 provides the CV
curves of all as-prepared DRPCFs in HPIBs obtained
at the scanning rate of 0.2 mV s', demonstrating a
similar redox behavior.

Fig. 4a and 4b present the testing results ob-
tained from ex-situ Raman spectroscopy to reveal the
potassium ion storage mechanism of as-developed
DRPCF-2/1-700. During the discharge and recharge
process of HPIBs at 100 mA g ', no evident peak shift
can be found from the Raman spectra in Fig. 4a and
4b. However, it is interesting to find that the intensity

ratio of I/l almost linearly decreases from 2.98 of
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the initial DRPCF-2/1-700 electrode to 2.0 of the elec-
trode discharged to 0.01 V, successively, the intensity
ratio of I,/I; almost linearly and reversely increase
from 2.0 to 2.83 of electrode recharged to 3.0 V
(Fig. 4c). The observed results indicate that during the
discharge process, the insertion of K can effectively
reduce the defects of the DRPCF. The extraction of K*
during the recharge process can recover most of the
defects within the DRPCF.

Fig. 4d displays the galvanostatic intermittent ti-
tration technique (GITT) measurement profiles con-
ducted at a constant current of 100 mA g ' for 8 min,
followed by 180 min relaxation after each cycle used
to evaluate the K* diffusion in DRPCF-2/1-700. The

calculated K' diffusion coefficient (Dy) is in the
107" ecm*s™" range, similar to other reported carbon
materials. During the initial discharge process, po-
tassium ions are adsorbed on the material surface and
gradually get saturated. The interaction among K res-
ults in the gradual decrease of Dy with the increase of
surface K, as shown in Fig. 4e. Due to the defect-rich
porous structure of DRPCF-2/1-700, the active defect
sites can accommodate more K" during the discharge
process. Therefore, the Dy value can remain constant
in a long-term discharge period. When all the defects
are saturated, the Dy value gradually decreases again.
During the charging process, the D, value decreases

with increasing potential and decreasing concentra-
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Fig. 4 (a, b) Ex-situ Raman spectra of discharge and recharge DRPCF-2/1-700 electrodes within HPIBs, and (c) the corresponding /;,//; evolved with the dif-

ferent discharge/charge states. (d) Galvanostatic intermittent titration technique (GITT) measurement results of K/ DRPCF-2/1-700 HPIBs and (e) the calcu-
lated diffusion coefficient of K within the DRPCF-2/1-700 electrodes

tion of K. This result indicates that the K intercala-
tion/deintercalation process is reversible.

To demonstrate the versatile properties of the as-
prepared DRPCFs, all electrochemical measurements
done in HPIBs have been done again using DRPCFs
as anode materials for HSIBs. The galvanostatic dis-
charge/charge measurement results in Fig. 5a and 5b
imply that DRPCF-2/1-700 exhibits the highest spe-
cific capacity and the best rate capability for Na" stor-
age. The Half sodium-ion batteries (HSIBs) using
DRPCF-2/1-700 as the anode material could deliver a
specific capacity of 342, 284, 256, 240, 225 and
206 mAh g at the current density of 0.1, 0.2, 0.5, 1, 2
and 5 A g ', respectively. The rate performance and
initial coulombic efficiency of DRPCF-2/1-700 as the
anode material for HSIBs are higher than those of
HPIBs. As shown in Fig. 5c and S11, the initial cou-
lombic efficiency of DRPCF-2/1-700 as the anode
material for HSIBs at 0.1 A g ' is 67%. With the
gradual activation during the discharge/charge cycles,
the HSIBs using DRPCF-2/1-700 as the anode materi-
al could retain a specific capacity of 328 mAh g
after 900 cycles at 1 A g ' with high coulombic effi-
ciency (Fig. 5d). Compared with other reported coun-

terp artsl4239-631

shown in Fig. Se, the sodium ion stor-
age performance achieved by DRPCF-2/1-700 is su-
perior. A relatively obvious redox peak pair lower
than 0.25 V can be found from the CV curves of DRP-
CF-2/1-700 and other as-prepared DRPCFs (Fig. 5f
and S12). A short discharge plateau could also be ob-
served from the typical discharge profile shown in
Fig. 5c, S13 and S14. Moreover, the capacitive contri-
butions of Na//DRPCF-2/1-700 HSIBs are 76.1%,
82.4%, 84.4%, 86.2% and 88% at the scanning rates
0f 0.2, 0.4, 0.6, 0.8 and 1 mV s'. The specific surface
area, pore volume and defect-rich structure should ac-
count for the superior K'/Na" storage properties.

The ex-situ Raman spectroscopy results shown in
Fig. 6a, 6b and 6¢ further confirm that the filling and
removing of K* and Na' from the sites of the electro-
chemically active defects should be responsible for
the high capacity, superior rate and cyclic perform-
ance of both Na//DRPCF-2/1-700 HSIBs and
K//DRPCF-2/1-700 HPIBs. The sodium ion diffusion
coefficient (D,,) calculated based on the GITT meas-
urement results of Na//DRPCF-2/1-700 HSIBs is also
in the 107" cm®s™' range, which is slightly higher
than Dy in Na//DRPCF-2/1-700 HSIBs.
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Fig. 5 The sodium ion storage performance of as-prepared DRPCF: (a) Rate performance of half sodium-ion batteries (HSIBs) using DRPCF-2/1 obtained at
the carbonization temperature from 550 to 1 000 °C as anode materials. (b) Rate performance of HSIBs using DRPCF-1/1-700, DRPCF-2/1-700 and DRPCF-

3/1-700 as anode materials. (c) The corresponding galvanostatic charge/discharge profiles at different current density from 0.1to 5 A g™, (d) long-term cycle

performance at 1 A g”' of HSIBs using DRPCF-2/1-700 as anode materials,

and (e) the comparison of sodium ion storage performance between present work

with other reported counterparts'*>** ! (f) The cyclic voltammetry (CV) curves measured at the scanning rates from 0.2 to 1.0 mV s '. (g) The calculated capa-

citive contribution of HSIBs using DRPCF-2/1-700 as the anode material at 1.0 mV s~ and (h) the corresponding diffusion and capacitive capacity
contribution of Na//DRPCF-2/1-700 HSIBs evolved with the scanning rates from 0.2 to 1.0 mV s™'

Fig. S15 displays the electrochemical impedance
spectra (EIS) of potassium ion and sodium ion half
batteries assembled with the electrodes made of as-
prepared different DRPCFs. The results further con-
firm that the as-prepared DRPCF-2/1-700 is the desir-
able anode material because of the relatively smaller
resistance than other DRPCF materials both in the po-
tassium ion and sodium ion half batteries.

Fig. S16 presents the potassium ion storage per-
formance and the sodium ion storage performance of
the half batteries assembled with the electrodes made
of 100% Ketjen black, DRPCF-2/1 with 20% Ketjen
black and 100% DRPCF-2/1-700. The results indicate
that the applied conductive additive, namely Ketjen

black, exhibits a certain capability to store both sodi-
um and potassium ion with a lower specific capacity.
As shown in Fig. S16, the achieved capacity of
half potassium and sodium ion batteries assembled
with the electrodes made of 100% Ketjen black
can only deliver ~100 mAh g’ at 1 A g, which is
lower than the capacity achieved by half potassium
and sodium ion batteries assembled with the elec-
trodes DRPCF-2/1-700 with 20% Ketjen black and
100% DRPCF-2/1-700, especially in half sodium ion
batteries. Therefore, Ketjen black can help to obvi-
ously improve the rate capability of DRPCF-2/1-700,
but its contribution to capacity of DRPCF-2/1-700 is

low.
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Fig. 6 (a, b) Ex-situ Raman spectra of discharged and re-changed DRPCF-2/1-700 electrodes within HSIBs, and (c) the corresponding I,/I; evolved with the

different discharge/charge states. (d) Galvanostatic intermittent titration technique (GITT) measurement results of Na//DRPCF-2/1-700 HSIBs and (e) the calcu-

lated diffusion coefficient of Na" within the DRPCF-2/1-700 electrode during the discharge and charge processes

4  Conclusions

This work developed a defect-rich porous car-
bon framework (DRPCF) built with N/O-co-doped
mesoporous nanosheets using porous g-C;N, and
dopamine as precursors. The carbonization temperat-
ure and mass ratio of porous g-C;N, and dopamine are
modified to optimize the morphology, composition
and structure. The measurement results of SEM, TEM
element mapping, XPS, BET, and Raman spectro-
scopy imply that DRPCF-2/1-700, prepared by using
porous g-C;N, and dopamine in a mass ratio of 2 : 1
as precursors followed by carbonization at 700 °C, has
the largest specific surface area with the largest pore
volume, possesses highest N/O heteroatom active de-
fect sites. Taking advantage of defect-rich character-
istics and a large specific surface area with a large
pore volume, the newly developed DRPCF-2/1-700
demonstrates superior pseudocapacitive behavior
dominated sodium and potassium ion storage perform-
ance. As an anode material for both SIBs and PIBs,
DRPCF-2/1-700 exhibits high rate and long-term cyc-
lic stability with a reversible specific capacity of
328.2 and 321.5 mAh g' at a current density of
1 A g over 900 and 1200 cycles, respectively. The

electrochemical performance of the obtained DRPCF
outperforms most reported carbonaceous materials.
The ex-situ Raman spectroscopy results further con-
firm that the reversible filling and removing K* and
Na" from the electrochemically active defect sites
should be responsible for the high capacity, superior
rate and cyclic performance of DRPCF-2/1-700.
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