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Hard carbon is promising anode for potassium-ion batteries (PIBs), however, the poor rate capability
hinders its development as potential anode. To address this question, we design a sulfur-doped porous
hard carbon (S-HC) for PIBs through the combination of structural design and composition adjustment.
The as-designed S-HC exhibits a long cycling life with ~191 mAh/g after 300 cycles at 1 A/g, and an

excellent rate capability with ~100 mAh/g at 5 A/g, which was attributed to its structural characteristics
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and compositions. The S-HC demonstrates to be promising anode in the future.
© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Anode materials play crucial roles in determining the perfor-
mance of rechargeable alkali metal-ion batteries (MIBs) [1-8].
Compared with other materials, hard carbon has attracted huge
attention in MIBs due to its stably disordered structure, and
relatively high reversible capacity [9-11]. In previous studies, there
have been a large number of hard carbon reported as anode
materials for lithium-ion batteries (LIBs) and sodium-ion batteries
(SIBs) [12-15]. This will facilitate the anode development of
emerging potassium-ion batteries (KIBs) for renewable energy and
smart grids [16-20]. However, owing to the large ionic radius, hard
carbon suffers from the low diffusion rate of K* ion, which could
bring the limited kinetics, and result in poor rate capability. For
example, Ji’s [18] group reported that hard carbon spheres suffered
exhibited only 121 mA h/g at 1.4 A/g, although they could deliver a
high reversible capacity of ~300mAh/g at low current density.
Heteroatom doping into hard carbon can bring defect sites that
provide diffusion channel for K* ions and enhance the rate
performance of hard carbon. Xu and co-works prepared an N-
doped carbon nanofiber paper by electrospinning method using
the polymethylmethacrylate (PMMA) and polyacrylonitrile (PAN)
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as precursors [21]. The N-doped carbon nanofiber paper exhibited
not only high reversible capacity and high cyclic stability, but also
superior rate performance. Xiong's group reported the N/O co-
doped porous hard carbon with a capacity of 118 mA h/g at 3 A/g
[11]. Based on previous works, the doping of Sulfur heteroatoms
can enhance the interlayer spacing of carbon crystal and bring
some defect sites [22]. Thus, compared with pure carbon anode, S-
doped carbon anodes shows higher potassium storage capacity and
better capability [23].

In this work, the novel S-doped hard carbon (denoted as S—HC)
was prepared through in-situ sulfuration process using resorcinol
formaldehyde (RF) resin as the carbon source and commercial ZnO
particles as hard template. Benefited from the rich defect sites
caused by S doping, the S—HC showed a stable cycling life over 300
cycles at 1 A/g with little capacity decay. Moreover, a superior rate
capability with a capacity of about 100 mA h/g at a large current
density of 5 A/g was obtained.

The synthesis process of porous S-doped hard carbon was
described in Scheme 1. The synthesis method in detail was given as
the Experimental Section in the Supporting information. As shown
in Scheme 1, commercial ZnO particles in Fig. S1 (Supporting
information) were encapsulated by PF resin to obtain porous
carbon during the pyrolysis process [24]. Here, ZnO particles also
acted as an activator that produces micropores. The S—HC could be
obtained while treating ZnO@PF with sulfur powder together, with
the partial sulfuration of ZnO into ZnS (Fig. S2 in Supporting
information).
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Scheme 1. Schematic diagram of the synthesis of hard carbon and S-doped hard
carbon.

The morphology and structure of the S—HC and HC samples
were examined by SEM and TEM techniques. The SEM image of the
as-prepared S—HC in Fig. 1a reveals an interconnected architecture
that was consisted of carbon particles. The S—HC sample in Fig. 1e
shows the similar morphology. These interconnected architectures
can play the role as 3D electronic transportation network that
facilitates the infiltrating of the electrolyte for superior electro-
chemical performance. The low resolution TEM image of S—HC
displayed in Fig. 1b reveals the porous structure with large inner
void space. Fig. 1c shows that the thickness of the carbon shell is
about 20-30 nm. In Fig. 1d, there are no lattice fringes observed,
which suggests that this S—HC sample has the disordered structure
with a low degree of crystallization. As shown in Figs. 1f-h, the HC
also possesses the hollow structure with about 20 nm-thick hard
carbon shells with poor crystallization.

To have a better understanding on the structural characteristics
of as-prepared HC and S—HC samples, XRD, Raman spectrum and
BET characterizations were carried out. Fig. 2a shows the XRD
patterns with the broad peaks located at 24°, which is ascribed to
the (002) plane of graphite (JCPDS No. 75-1621). The low intensity
and broad peak width suggest the disordered structure of hard
carbon. Compared with the standard peak of (002) plane at 26.23°,
the two peaks of HC and S—HC show a tiny shift to low degree
range, indicating the expanded layer spacing of this plane, which is
beneficial for potassium storage. To evaluate the defect level,
Raman spectra were conducted and the results are shown in
Fig. 2b. The strong D peak (1350 cm !, defective and dangling edge
carbon) and G peak (1595 cm™!, graphitic carbon) also indicate the

disordered structure with low crystallinity, which is consistent
with the TEM investigation [11,21]. The intensity ratio between the
D peak and G peak of HC and S—HC are 0.7 and 0.798, respectively.
It reveals that the structure of S—HC is more disordered than that of
HC due to the doping of S [25]. Fig. 2c exhibits the N, adsorption
and desorption isotherms. HC sample exhibits a type-IV adsorp-
tion/desorption hysteresis, indicating the mesoporous structure.
Due to the hollow structure, HC has a large specific surface area of
231 m?/g. Moreover, S—HC has a relative lower specific surface area
of 139 m?/g. As shown in Fig. S3 (Supporting information), due to
the doping of S heteroatoms, the S—HC has a more complex
microporous structure. Generally, micropores have the stronger
adsorptive capacity than mesoporous. Thus, during the desorption
process, the S—HC showed remarkable hysteresis. That why the
two samples have different N, adsorption and desorption
isotherms.

XPS was conducted to determine the elemental composition of
as-prepared hard carbon samples, as shown in Fig. 3. The survey
spectrum of HC in Fig. 3a shows a strong peak at 164 eV and a weak
peak at 530 eV that are assigned to C 1s and O 1s, respectively [26].
It reveals that HC consists of a large amount of carbon and a little
bit of oxygen. The survey spectrum of S—HC shows another two
peaks of S2s and S2p [17,27], indicating the successful S doping
with an atomic content of 4.07%. Figs. 3b and c show the C 1s
spectra of HC and S—HC, respectively. Owing to the high purity of
carbon, the spectrum of HC can be fitted by the single peak located
at 284.6 eV, assigned to C—C bond. On the contrary, that of S—HC
can be divided into two peaks. One fitting peak belonged to C-S
bond at 285.3 eV. The high-resolution S 2p spectrum of S—HC in
Fig. 3d indicates there are two strong fitting peaks of $>~ (163.8 eV)
and polysulifide chain (S,2~, 164.9 eV) [28]. Besides, the peak at
168.1 eV can be assigned to the spin-orbit of S 2p; > [29]. It can be
concluded that there exists quit a number of C-S bonds [25].

The potassium storage properties of S—HC and HC were
analyzed in half cell versus K*/K. Fig. 4a shows the CV curves of
S—HC tested at 0.1 mV/s. The CV of HC tested at the same scan rate
is exhibited in Fig. 4b. Different form the CV of H—SC, after the first
cycle, the reductive peak at about 0.6V did not emerge, meaning
the absence of electrochemical absorption caused by S heter-
oatoms. In Fig. 4c, during the first potassiation process, there exists
a plateau at about 1V corresponding to the irreversible formation
of SEI film. This plateau does not emerge in the subsequent cycles,
leading to the huge capacity loss between the first and second
cycles. During the second cycle, it reveals a pair of discharge/charge
plateaus at about 0.7 V and 1.6 V respectively, corresponding to the
electrochemical adsorption/desorption of potassium ions on S

10 nm

Fig. 1. (a) SEM image, (b) low magnification and (c, d) high TEM images of S-HC; (e) SEM image, (f) low magnification and (g, h) high TEM images of HC.
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Fig. 2. Phase analysis of HC and S-HC. (a) XRD patterns, (b) Raman spectra, and (c) N, adsorption and desorption isotherms.
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Fig. 3. XPS spectra. (a) Survey spectra of HC and S-HC. High resolution C 1s spectra of (b) HC and (c¢) S-HC. (d) S 2p spectrum of S-HC.

(@), (b) 1
0s
08
E 05
2 -0
E.is
o <20
—3th 15
e R 15 0 o0 a5 1o 15 20
Potential (V vs.K'/K) Potential (V vs.K'/K)
20 20
(C (d} — st
216 Z s 2nd
' 4 —— 50th
F ]
£ia ¥z
e z
gms g 08
& 04 = 04
e 200 400 00 800 200 400 00 300
Specific Capacity (mAh g) Specific Capacity (mAh g)
(&)ana (9“..‘::
T 350 —— IIC on 8504 o
3 ] =
300 {02 AN —&— S-HC ‘ém w%‘
o e = S 2
> 1Ag 27 02
2 200 200 g
g 1A g Ag i v
G s Ry 3 150 . wg
2 100 : £ 100 5
§ o i Pt —a— |IC 202
& & iag ——SHC | O
0 0
a5 10 15 m 25 3 0 S8 100 150 0 250 300
Cyele Number Cyele Number

Fig. 4. Potassium storage properties. CV curves at a scan rate of 0.1 mV/s in the
different cycles of (a) S-HC, (b) HC. Charge/discharge profiles at 1 A/g for selected
cycles of (¢) S-HC and (d) HC. (e) Rate performance at various current densities and
(f) comparison of cyclic stability of S-HC and HC electrodes.

defect sites. However, those two plateaus are tiny, suggesting that
the potassiation/depotassiation processes are mainly controlled by
capacitive electrochemical behavior at this current density of 1 A/g.
The profiles of the second cycle and the fifty cycle overlap a lot,
indicating the good cyclic stability of S—HC. On one hand, for HC
anode, the high initial discharge capacity and the large capacity
loss are also revealed for HC anode in Fig. 4d. On the other hand,

due to the lack of S heteroatom, there is no plateau emerging in the
subsequent cycles.

The rate capabilities of S—HC and HC were evaluated at the
current density ranging from 0.2 A/g to 5 A/g, as shown in Fig. 4e.
S—HC delivered a high reversible capacity of about 270 mA h/g at
0.2 A/g. With the current density increasing, the capacities of 230,
196, 153, and 98 mA h/g were obtained at 0.5, 1, 2 and 5 A/g,
respectively. When tested at 2 A/g once again, the reversible
capacity recovered to 154 mA h/g. The HC only showed the relative
low capacities of 189, 165,151,128 and 66 mA h/gat 0.2,0.5,1,2 and
5A/g. Besides, S—HC still delivered a high capacity of 191 mA h/g
after 300 cycles at 1 A/g, whereas a low capacity of 145 mA h/g was
obtained by HC at the same current density. Moreover, the
electrochemical performance of S—HC is also comparable to other
reported work, as shown in Table S1 (Supporting information). The
doping of S heteroatom can bring rich defect sites, which play the
dual role of activated adsorption sites and diffusion channel of K*
ions. The large void space can alleviate the volume change to make
S—HC to obtain long cycle life. Thus, as displayed in Fig. 4f, S—HC
electrode has the better rate capability and higher reversible
capacity over long cycles, compared to HC anode.

To study the kinetics for the potassium storage of as-prepared
hard carbon samples, CV measurements were operated at different
sweep rates from 0.2 mV/s to 5 mV/s. As shown in Fig. 5a, all the CV
curves of S—HC show similar shape, suggesting the small
polarization. The S-doping can enhance K* ion diffusion rates in
S—HC. This is the reason why S—HC shows the fast kinetics for
potassium storage. For HC anode, the cathodic peaks in Fig. 5b
gradually disappeared with the increasing of scan rate, meaning
the worse polarization than S—HC. Generally, the current value can
be divided into two different parts: the diffusion-controlled part
(kqv) and the capacitance contributing part (k,v). Based on the
following equation, the contribution ratio of each part can be
calculated [30]:

i=lkyv+kov'/? (1)

As can be seen from the integration of CV curve displayed in
Fig. 5¢, for S—HC, 42.3% of the total capacity at 0.1 mV/s was
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Fig. 5. CV curves obtained at various scan rates from 0.1 mV/s to 5 mV/s of (a) S—HC
and (b) HC. Separation of capacitive and diffusion currents of H-OS-C at 0.1 mV/s of
(c)S—HC and (d) HC. Contribution ration of capacitive and diffusion parts at various
sweep rates of (e) S—HC and (f) HC.

contributed from the capacitive part. However, although HC has a
large specific surface area, the capacitive part only contributed
25.8% of the total capacity at the same sweeping rate due to the
lack of S-defect sites, as shown in Fig. 5d. From Figs. 5e and f, with
the sweeping rate increasing, the capacitance-controlled ratio also
increased. It means that the fast kinetics is mainly caused by the
capacitive behavior occurring on the surface of hard carbons.

In summary, we have prepared porous S—HC by a facile
templated method. The as-prepared porous S—HC exhibited good
electrochemical performance with cycling stability and high rate
capability. Both porous structure and S doping of HC contributed to
the enhancement of electrochemical performance. This work will
give a guidance to explore the carbon anodes through structural
design and composition adjustment.
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