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As a new energy storage system, K-ion batteries (KIBs) have the advantages of low price and competitive high
energy density. However, due to the large radius of K*, in the process of intercalation/deintercalation, the
traditional carbon anode materials usually display insufficient cycle life and poor rate performance in KIBs. In
this work, inexpensive and widely-sourced sodium p-toluenesulfonate (CH3C¢H4SO3Na) is used as raw material
to synthesize dual sulfur-doped carbon nanosheets (DS-CN) by a simple one-step carbonization method. The
nanosheets possess an enlarged interlayer distance (4.25 A) which allows large K™ to intercalate. C-S bonds and
the embedded ultrafine sulfate provide active sites to enhance capacity and accelerate kinetics. Moreover, a high
S/0 ratio would reduce the irreversible reactions caused by oxygen functional groups. The high reversible
specific capacity (331.9 mA h g~! at 50 mA g 1), good rate performance (165.3 mA h g~! at 1000 mA g~!) and
long cycle stability (0.011% capacity decay per cycle) are attributed to the multiple synergistic effects of
enlarged layer spacing, reaction between C-S bonds and K*, as well as more active -C-SO»- bonds, as confirmed
by ex-situ XPS and electrochemical analysis. Our work shows a feasible and effective way to develop low-cost,
high-performance carbon anode materials for KIBs.

1. Introduction principles. The advantages of KIBs include: (1) the abundance (1.5% of

the Earth’s crust element reserves, vs Li ~ 0.0065%) and evenly distri-

With the advent of energy era, the demand for sustainable and reli-
able energy storage and conversion devices is ever-increasing.
Rechargeable Li-ion batteries (LIBs) play a pivotal part in the energy
supply of portable electronic devices and large power grid [1,2]. How-
ever, the increasing shortage of lithium resources and uneven distribu-
tion lead to the surge in LIBs costs and challenge large-scale exploitation
of lithium [3]. Therefore, it is urgent to develop a new-type battery
system with crustal resources and sustainability. Currently, K-ion bat-
teries (KIBs) stimulate interest in research due to its unique superiorities
[4-7]. Since potassium and lithium locate in the group IA, they share
homologous physiochemical properties and battery-operation

bution of potassium ensure an adequate supply of raw materials. At
present, the selling price of metal potassium is just one tenth of that of
lithium metal. (2) The lower K /K redox potential than that of Li*/Li in
some non-aqueous electrolyte solvents enable a higher working voltage
and greater specific energy for KIBs. For example, in ethylene carbon
(EC)/diethyl carbonate (DEC), the K'/K potential is 0.15 V lower than
Lit/Li [8,9]. (3) Although the radius of K™ (1.38 10\) is not as small as that
of Li* (0.76 A) , while the solvated ion formed by K" in electrolyte
solvent is much smaller due to its weaker Lewis acid nature, which
contributes to higher ionic conductivity [10]. Therefore, faster diffusion
kinetics and high-rate performance are expected to obtain due to
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Fig. 1. Schematic illustration of the synthesis of DS-CN.

enhanced ionic conductivity. However, for graphite successfully
commercialized as anode in LIBs, the repeated intercalation/dein-
tercalation of large ion radius of K* will cause huge volume changes and
result in material structure damage, poor cycle stability and short ser-
vice life of KIBs [8]. Therefore, to develop anode materials with low cost,
stable structure and excellent performance is crucial in KIBs technology.

At present, researchers have widely studied the anode electrode
materials of KIBs, such as carbon [11], metal compounds [12], alloys
[13], organic compounds [14] and so on. Among them, carbon-based
materials (including graphite [15], graphene [16], carbon-
microspheres [17], carbon-fibers [18], carbon-nanotubes [19] and
other carbon-based composites [20]) have been focused owing to their
advantages of low cost, high conductivity and outstanding cycle stabil-
ity. Particularly, carbon materials with heteroatoms doped have been
intensively studied in order to further adjust chemical environment and
improve electrochemical performance. Common non-metallic hetero-
atoms such as boron [21], nitrogen [22-24], phosphorus [25-27], sulfur
[28] and oxygen [29] can improve wettability and conductivity of car-
bon materials to a certain extent, and are expected to provide more
defects and potassium storage sites, so as to improve the reversible ca-
pacity. For example, Liu et al. synthesized N-doped soft carbon as anode
electrode whose reversible capacities was 266 mA h g~ at 100 mA g~!
in KIBs [22]. Yan et al. synthesized S-doped graded porous carbon with
high defect density area as the anode electrode of KIBs, which exhibited
a capacity of 197.0 mA h g ! under 100 mA g~! [30]. More importantly,
dual-doping strategy has demonstrated great capability in tailoring local
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electronic structure (physically) and introducing surface functional
groups (chemically) [31-34]. For example, Yang et al. prepared NHp-
MIL-101(Al) precursor by solvothermal method, and then obtained a N/
O dual-doped carbon through carbonization. N/O dual-doped carbon
provided 230 mA h g~ ! after 100 cycles at 50 mA g~* [29].

However, with regards to prepare dual-doping pyrolytic carbon
precursors, the expensive raw materials, complex processes and long-
time reactions are usually involved, such as mental-organic frame-
works (MOFs) precursor. To find a cheap and easily available raw ma-
terial and adopt a feasible preparation process are the key to the
research of carbon anode for KIBs. Moreover, as discussed above, sulfur
doping holds great promise in tailoring carbonaceous anodes, while the
novel dual-sulfur doping carbon with versatile configurations still re-
mains to be investigated.

Herein we demonstrate a one-step low-cost pyrolysis to obtain dual
S-doped carbon nanosheets (DS-CN) as anode for high performance
KIBs. And we investigate kinetics and electrochemical reaction mecha-
nism via ex-situ characterizations and electrochemical analysis to
expound the effect of dual S-doping, which can offer a new approach to
develop and update KIBs technology.

2. Results and discussion

Fig. 1 shows the synthesis process of DS-CN. Sodium p-toluenesul-
fonate (CH3CgH4SO3Na) is calcined by a simple one-step method, and
the final product is obtained after washing with hydrochloric acid, water
and isopropanol (the preparation of S-CB (the pyrolysis product of p-
toluenesulfonic acid (CH3CcH4SO3H)) is same as DS-CN). Fig. 2a ex-
hibits the X-ray diffraction (XRD) patterns of pyrolytic carbons synthe-
sized from two raw materials. Two broad diffraction peaks (26 ~ 22° and
43°) can be observed in both samples, which correspond to (002) and
(100) crystal plane of graphite, respectively [35,36]. Compared with S-
CB, the (002) diffraction peak of DS-CN shifts to the lower diffraction
degree, which represents the increase of d-spacing. Referring to the
calculation of Scherrer formula, the d-spacing (dog2) of DS-CN is 4.25 1?\,
which is much larger than that of S-CB (3.87 /o\). According to the pre-
vious reports, the expanded interlayer spacing is beneficial to buffer the
volume effect of K" in the charge/discharge process [37]. And the
diffraction peak of DS-CN at 26 ~ 43° is not sharp, which proves that it
possesses a disorder structure. This conclusion is proved by Raman
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Fig. 2. Structure characterization: (a) XRD patterns of DS-CN (red) and S-CB (blue); (b) Raman spectra of DS-CN (red) and S-CB (blue); (c) N, adsorption/desorption
isotherm and the corresponding pore size distribution of DS-CN; (d) Full-spectrum XPS survey, (e) C 1s, (f) S 2p of DS-CN. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Morphological characterization: SEM images of (a) CH3C¢H4SO3Na and (b) DS-CN; (c-d) HRTEM images of DS-CN; (e) SAED pattern of DS-CN; (f-i) Cor-
responding elemental mapping of S, O, and Na elements in DS-CN from the HRTEM image.

spectra in Fig. 2b. Both DS-CN and S-CB have typical D (~ 1344 cm ™)
and G bands (~ 1600 cm’l) of carbon-based materials, where the former
is correlated to the breathing vibration of k-point phonons, and the latter
is associated with the conjugated mode of sp? carbon [38,39]. Therefore,
the intensity ratio of D to G bands could reflect the structure defect and
graphitization level of carbon-based materials. The Ip/Ig ratio of DS-CN
(0.94) is higher than that of S-CB (0.85), which means the vibration of
disordered carbon is stronger.

To deeply analyze the structure of DS-CN, the Ny adsorp-
tion-desorption isotherms (Fig. 2¢) were characterized. The hysteresis
loop exhibits that the sample possesses the characteristic of type IV
isotherm [29]. The Brunauer-Emmett-Teller (BET) specific surface area
of DS-CN is 332.19 m? g~!. The generated micropores are caused by the
release of gas during hydrochloric acid washing. The gas was caused by
the disproportionation of the intermediate products NazS20¢, and acidic
solution can promote the reaction [40-42]. The high specific surface
area and the pore structure are conducive to the sufficient contact with
electrolyte and shorten ion transport distance [43]. To better charac-
terize the structures, the FT-IR spectra (Fig. S1) of DS-CN and
CH3CgH4SO3Na were obtain. Compare with CH3CgH4SO3Na, a weak
peak at 1385 cm ™! was detected for DS-CN. And it is ascribed to C-S
bond [32].

In order to further understand the chemical state of elements in the
calcined materials, X-ray photoelectron spectroscopy (XPS) was
measured to analyze the chemical composition. As shown in Fig. 2d and
Fig. S2a, the relative atom ratios of S in DS-CN and S-CB are 7.06 at%
and 2.41 at%, respectively. Furthermore, the atom ratios of O account
for 4.21 at% and 15.62 at%, respectively. The results show that the S/O
ratio in DS-CN is higher than that of S-CB. It has been studied that
oxygen-containing functional groups would react with alkali-ion
resulting in capacity loss, so DS-CN is expected to provide more
reversible capacity [38,39]. The C 1s spectra (Fig. 2e) of DS-CN could be
deconvoluted into three obvious peaks at 284.8 eV, 286.0 eV and 289.6
eV, corresponding to C-C, C-S and O-C=0 bond respectively [44]. Fig. 2f
shows that the S 2p spectrum of DS-CN is deconvoluted into three peaks

and the peaks at 164.1 eV and 165.4 eV can be attributed to S 2p3,2 and S
2p1,2 of C-S-C bond, which are also ascribed as thiophene type sulfur.
The other peak at 168.4 eV corresponds to -C-SO,- bond, which is
ascribed as oxidized-type sulfur [35]. The C-S bond has been proved to
provide active sites for K" adsorption, while the -C-SO,- bond with a
stronger adsorption capability would react with K™ to further enhance
kinetic and capacity [38]. The O 1s spectra (Fig. S3) of DS-CN and S-CB
could be deconvoluted into four obvious peaks, corresponding to O-S,
C=0, C-OH and COOH bond respectively [44-46].

Fig. 3a, b and Fig. S4 present the scanning electron microscopy
(SEM) images of CH3CgH4SOsNa and DS-CN. The CH3CgH4SOsNa
powder is a massive structure formed by stacking sheets before
carbonization. The sheets were peeled off during carbonization. The
achieved DS-CN exhibits a thin nanosheet structure with the size of
about 20 ~ 200 pm. Atomic force microscopy (AFM) image (Fig. S5)
shows that the thickness of DS-CN is about 3.87 nm. The SEM and
transmission electron microscopy (TEM) images of CH3CsH4SO3H and
its corresponding pyrolytic sample S-CB are shown in Fig. S6.
CH3CgH4SO3sH powder is an irregular structure while S-CB is a poly-
hedral block structure. As shown in Fig. 3¢ and d, high resolution
transmission electron microscopy (HRTEM) images of DS-CN show that
uniformly dispersed nanoparticles with a diameter of about 3 ~ 5 nm are
decorated on nanosheet. In order to analyze the crystalline state of DS-
CN and the phase characteristics of the nanoparticles, HRTEM and
selected region electron diffraction patterns (SAED) were recorded. As
shown in Fig. 3d, DS-CN has no obvious lattice fringes, which proves
that it has an amorphous structure. On the contrary, conspicuous lattice
fringes can be observed at the nanoparticles. In Fig. S7, it is measured
that the crystal plane spacing is 3.18 A, which can correspond to the
(131) crystal plane of orthorhombic Na;SO4 (JCPDS: 00-002-0839). In
order to further verify the nanoparticle phase, two obvious diffraction
rings in the SAED diagram in Fig. 3e correspond to the (233) and (444)
planes of NaySOj4, respectively. The energy dispersive spectrometer
(EDS) image of DS-CN shows that the S element (Fig. 3g) is evenly
distributed in the sample. The strong signal of Na element in Fig. 3i
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further confirm that the ultrafine nanoparticles are Nay;SOy4. There are C-
S and -C-SO»- bond in material, which can prove that the NaySO4 is not
free, but strongly bond to carbon. The water contact angle test of DS-CN
(Fig. S8) shows that it is a hydrophobic material. Therefore, the evenly
distributed ultrafine sulfates can stably exist after acid washing. We
believe that the mechanisms for the pyrolysis of the CH3CsH4SO3Na is
based on radical breakdown and recombination via the reaction [47]:

Ar-SO3Na — Ar- + -SO3;Na 2.1)
-SO3Na + Ar-SO3;Na — Ar- + Na$,04 (2.2)
Na»$,06 = Na,SO, + SO, 2.3)
Ar- + Ar-— Ar-Ar (2.4)

First, the cleavage of P-tolyl-sulfonate bonds occur, while corre-
sponding aryl (Ar) and sulfite radicals are also generated. The sulfite
radicals could substitute for aryl (Ar) radicals to form the stable
NayS206. Then the disproportionation decomposition reaction of
NayS206 will finally form the NapSO4. To sum, the dual-sulfur doping,
namely sulfur-containing functional group and ultrafine sulfates, has
been successfully synthesized and characterized.

To assess the electrochemical performance of DS-CN and S-CB, we
assemble CR2016 coin cells with potassium foil. Fig. 4a and b exhibit
the cyclic voltammetry (CV) measurement curves of the two different
carbonization products. In the case of DS-CN, the two reversible CV
peaks located at 0.75 and 1.75 V can be observed, which are ascribed to
reversible capture of K' at S-containing functional groups sites [44]. In

the subsequent CV cycles, an apparent overlap can be observed, which
means good cycle stability and reversibility. In contrast to the CV of DS-
CN, during the first potassiation of S-CB, an obvious irreversible peak
can be observed at about 0.7 V, due to the influence of surface functional
groups, the formation of solid electrolyte interphase (SEI) membrane
and the irreversible electrochemical trapping of micropores [38].
Moreover, another strong cathodic peak close to 0.01 V is related to the
intercalation of K into S-CB [48].

Fig. 4c and d reveal the first three cycles of DS-CN and S-CB at 100
mA g~ . And a significant irreversible capacity appears during the first
discharge, due to the similar reasons in above-mentioned CV part. In
addition, the DS-CN anode shows a great discharge and charge capacity
(529.3 and 271.4 mA h g™ 1) for the initial cycle, which is twice higher
than the S-CB anode (263.6 and 93.0 mA h g’l). Moreover, the initial
Coulombic efficiency (CE) of DS-CN (51.3%) is higher than that of S-CB
(35.2%). This phenomenon is related to the oxygen content (4.21 at%
for DS-CN, 27.54 at% for S-CB), since excess oxygen functional groups
usually cause many irreversible reactions in the first cycle [36].

Fig. 4e shows the cycling performance and CE of DS-CN and S-CB at
100 mA g~ '. For DS-CN, after 200 cycles, the reversible capacity can still
maintain 242.8 mA h g~! with a capacity retention of 93.7% (against
10th discharge capacity). However, for S-CB, the reversible capacity is
merely 90.6 mA h g~!. Obviously, better cycle performance can be
revealed for DS-CN electrode, which may be related to the higher S/O
ratio and extra capacity from NaySO4 [36,49]. In addition, the two
different materials demonstrate low CE during the first cycle, which is
ascribed to the formation of more SEI layers and irreversible
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electrochemical adsorption originated from the porous structure with
large specific surface area. And this phenomenon is usually observed in
the carbon-based materials [50,51]. Remarkably, expect for the first a
few cycles, the subsequent CE of DS-CN stabilizes at around 100%, but S-
CB exhibits a lower CE during whole cycles.

Significantly, the DS-CN exhibits superior rate capability and long
cycling stability. Fig. 4f, Fig. S9a and b show the capacity of DS-CN and
S-CB electrodes at various current densities. The average reversible ca-
pacities of DS-CN are 331.9, 275.0, 244.3, 205.0, 165.3 mA h g_1 at 50,
100, 200, 500, 1000 mA g~ *, respectively. However, the corresponding
reversible capacities of S-CB are 154.9, 103.1, 66.0, 24.8,10.3mA h g’l,
respectively. Besides, when the current density of 100 mA g~ is applied
again, the DS-CN anode regains a reversible capacity of 277.5 mA h g~}
with a high-capacity retention of 100.9%. These results indicate the DS-
CN anode possesses the great rate performance and cycling stability.
Furthermore, the long-term cyclability of DS-CN electrode was
measured at a large current density of 1000 mA g~ ! (Fig. 4g and
Fig. S9¢). Remarkably, even after 1500 cycles, DS-CN is still able to
deliver the capacity of 189.2 mA h g~! and shows a high-capacity
retention of 83.2% (based on the capacity of the tenth cycle), indi-
cating 0.011% capacity decrease per cycle. Besides, the CE is close to
100% except first a few cycles, which indicates good stable reversibility.
In addition, the electrochemical impedance spectroscopy (EIS) mea-
surements of DS-CN and S-CB anodes are shown in Fig. S10. It indicates a
lower charge transfer resistance of DS-CN, which enhances the inter-
calation/deintercalation of K' and charge transfer.

To further investigate the kinetics and electrochemical reaction
mechanism, CV measurements (Fig. 5a and Fig. S11a) were carried out
at various scan rates (0.1 — 0.5 mV s V). It is clearly seen that at different
scan rates, the shape of the CV curves also maintains. The current (i) and
scan rate (v) can be fitted by the power-law relationship [52]:

i(v) = a’ (2.5)

log(i) = blog(v) + loga (2.6)

In the equation, a and b are constants and the b value is related to the
reaction kinetics during the process of ion storage. It is a classic

diffusion-controlled process (intercalation) if the b value is 0.5. As the b
value is 1, it displays a surface capacitive-controlled process, also known
as pseudocapacitive behavior [52]. The calculated b values for DS-CN
are 0.82 (anodic peaks) and 0.80 (cathodic peaks) respectively
(Fig. 5b), while they are 0.67 (anodic peaks) and 0.50 (cathodic peaks)
for S-CB (Fig. S11b), respectively. The result indicates that it is mainly a
surface capacitive-controlled process for DS-CN. To further research the
contribution of the different kinetics process to the whole capacity, the
corresponding signal feedback at a specific potential (V) could be further
analyzed by the following relationship [53] :

i(V) = kyv + kyv'/? 2.7)

where k; and k, are variable parameters. The k;v stands for the
surface capacitive-controlled process, while ksv'/? is corresponding to
the diffusion-controlled process. In Fig. 5S¢, the blue region implies the
surface capacitive-controlled process of DS-CN anode at the scan rate of
0.5 mV s~ 1. By calculating the area of blue region, the contribution rate
of the surface capacitive-controlled process is 85.6%. Fig. 5d summa-
rizes the capacitive contributions of DS-CN anode at different scan rates.
It can be found that the capacitive contribution increases from 70.2% to
85.6% following the scan rate increases from 0.1 mV s™! to 0.5 mV s,
which is much higher than those of S-CB anode (Fig S11c). The results
further confirm the ion-storage process of DS-CN is mainly controlled by
the pseudocapacitive behavior. The surface capacitive-controlled fea-
tures of DS-CN contribute to enhance K' adsorption and vibrant
kinetics.

To further investigate the K* diffusivity (Dg"), the galvanostatic
intermittent titration technique (GITT) was conducted (Fig. 5e and
Fig. S11d) [44,54]. And the Dx™ can be calculated for DS-CN and S-CB
anodes during the potassiation process from 3.0 to 0.01 V. For DS-CN,
the values of Dg" are 1.67 x 107'2 — 9.30 x 10! And it is worth
noting that the Dx " are slightly larger than those of S-CB, indicating that
the transport of K™ of DS-CN is facilitated. Furthermore, to better
demonstrate the rate performance and capacity, the comparison with
other carbon-based anode materials for KIBs is presented in Fig. 5f.
Clearly, DS-CN exhibits the excellent rate performance and capacity
among them [28,30,39,55-60].
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To get in-depth understanding of the (de)potassiation mechanism of
DS-CN, ex-situ XPS analysis (Fig. 6a) was carried out at different stages
during the initial two cycles. From K 2p spectra (Fig. 6b), during first
discharge, two peaks at about 293.3 and 296.0 eV are present, indicating
the presence of K-C bonds induced by the intercalation of K* into DS-CN
[61]. After the first potassiation process, the two peaks can still be
observed due to some irreversible reactions, for example, the electrolyte
decomposes then reacts with K* to form SEI film [38]. During the second
cycle, the K 2p peaks change periodically, indicating the potassiation
reactions with carbon are reversible.

The XPS C 1s spectra are shown in Fig. 6¢, and for peaks located at
284.8, 285.1, 286.0 and 289.6 eV, and the four peaks stand for C-C, C-K,
C-S and O-C=0 bonds respectively (Fig. S12) [35,44]. Obviously, the
intensities of C-K and C-S bonds are the highest when discharge to 0.01
V, while those are the lowest when charge to 3 V, which indicate a
repeated evolution. It is noted that after the second depotassiation, the
XPS peaks have similar shapes with those after the first depotassiation,
indicating the stable reversibility.

In addition, Fig. 6d presents the XPS S 2p spectra, revealing the
change of S during the (de)potassiation process. In the discharge of the
first cycle, it can be observed that the intensity of thiophene-type S (C-S)
decreases while that of oxidized-type S (-C-SO2-) increases, which
demonstrates that doped S reacts with potassium reversibly [38]. It is
striking to note that during the (de)potassiation process, the peak of
thiophene-type S negatively shifts to a lower value, since the strong
interactions between K™ and S atoms result in the transition of S to a
lower state [44,62]. It has been shown in previous studies that S site
works as “bridge” to facilitate the reaction between C-S bonds and K* to
form C-S-K bonds, which can provide more potassium storage sites and
higher potassium storage capacity [38].

3. Conclusion

In summary, we use a cheap and mass-produced chemical product
(CH3CH4SO3Na) as the precursor to obtain DS-CN by a simple one-step
carbonization method. Compared with S-CB, the DS-CN provides a
larger layer spacing to adapt the intercalation/deintercalation of K*,
and has a higher S/O ratio to reduce the irreversible capacity caused by
oxygen functional groups. Benefiting from that, DS-CN exhibits a high
reversible capacity (242.8 mA h g~! at 100 mA g™1), long cycle stability
(0.011% capacity decay per cycle during 1500 cycles) and good rate
performance. More importantly, the increase of its capacity can be

attributed to the reaction between C-S bonds and K to form C-S-K
bonds. Furthermore, the ultrafine Na;SO4 in DS-CN can provide more
-C-SO»- bond so as to provide more adsorption capacity. This work can
provide a new feasible and effective way strategy to develop low-cost,
high-performance carbon-based anode materials for KIBs and other
electrochemical energy storage applications.
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