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Bismuth sulfide (Bi,S3) is a promising anode material for high-performance potassium ion batteries due
to its high theoretical capacity. However, the poor conductivity and substantial volume expansion hinder
its practical application. We proposed an iodine-doped graphene encapsulated Bi,S3 nanorods composite
(Bi»S3/IG) as an efficient anode for PIBs. The uniform-sized Bi,S; nanorods evenly in-situ encapsulated
in iodine-doped graphene framework, facilitating the electron transportation and structural stability. The
potassium storage performance was evaluated in three electrolytes, with the best option of 5 mol/L KFSI

Bi,S3 in DME. The reversible capacity of representative Bi,S3/IG reached 453.5 mAh/g at 50 mA/g. Meanwhile,

lodine-doped graphene
Potassium-ion battery
Anode materials
Nanorods

sulfide anodes.

it could deliver an initial reversible capacity of 413.6 mAh/g at 100 mA/g, which maintained 256.9 mAh/g
after 200 cycles. The proposed strategy contributes to improving potassium storage performance of metal

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Potassium-ion batteries (PIBs) are regarded as a promising sub-
stitution of lithium-ion batteries (LIBs) based on their low cost,
high ionic conductivity and the close redox potential of K*/K
(=2.93 V vs. SHE) to that of Li*/Li (—3.04 V vs. SHE) [1-4]. How-
ever, the anode suffers from extensive volume expansion during
potassiation process due to the large size of K ion (1.38 A). For ex-
ample, the volume expansion of graphite could reach as high as
61% when used as the anode of PIBs [5,6]. Moreover, the large size
of K* results in slow charge kinetics and leads to inferior rate ca-
pability of the batteries. Thus, selecting and designing appropriate
anode materials is crucial in the case of PIBs. In this regard, a vari-
ety of nanomaterials such as carbon materials [7-9], alloys [10,11],
metal oxides [12,13] and metal sulfides (MSs) [14,15] have been
explored as anode materials for PIBs.

Unlike carbon-based materials, which follow an intercalation
mechanism, MSs rely on multiple processes including conversion
and alloying reaction for potassium storage and form a cumula-
tive mechanism with a large theoretical capacity [15]. Recently,
some MSs, such as WS, [16,17], MoS, [18-20], CoS, [21], FeS; [22-
24], CuS [25,26], Sb,S3 [27,28] and ZnS [29], have proven to be
efficient in achieving high capacity, however, their poor electron
conductivity and sluggish ion-diffusion rates usually lead to de-
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layed reaction kinetics. In addition, the drastic volume change dur-
ing potassiation/de-potassiation may result in the collapse of the
electrode structure and impair the cycling performance. Control-
ling the morphology or constructing nanocomposites is a viable
route to improve the performance of MSs-based anodes. For ex-
ample, Peng et al. prepared a nitrogen-doped carbon coated Cu,S
hollow nanocube structure as anode of PIBs, realizing enhanced
conductivity as well as efficient volume expansion mitigation [30].
Similarly, Li et al. designed Fe,;Sg/C hybrid nanocages reinforced by
defect-rich MoS, nanosheets [31], which exhibited an enhanced
structure stability with rapid K* diffusion rates. Bi,S; is a lay-
ered semiconductor material widely utilized in photoelectric com-
ponents and thermoelectric equipment, and also shows great po-
tential for PIBs [32-34]. Besides conversion and alloying reaction,
the unique layered structure enables the Bi,S; with extra interca-
lation process for K™ storage, resulting in higher potassium stor-
age capacity. Moreover, its growth has a 1D preferred orientation
trend and is easy to form nanowires or nanorods, which is benefi-
cial for alleviating the large volume change during potassiation/de-
potassiation process [35,36].

Herein, we reported an iodine-doped graphene encapsulated
Bi,S3 nanorods composite (denoted as Bi,Ss3/IG) as the effective
anode for PIBs. In the composite, the uniform sized Bi,S; nanorods
evenly encapsulated in the iodine-doped graphene framework. This
unique structure design cannot only improve the conductivity of
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Fig. 1. Synthesis process and characterizations of the electrode materials. (a)
Schematic diagram representing the synthesis of Bi;S;/IG. (b) SEM, (c) TEM and (d)
HRTEM images (Inset: SAED pattern) of the Bi,S; nanorods. (e) SEM, (f) TEM and
(g) HRTEM images (Inset: SAED pattern) of the Bi,S3/IG composite.

the composites, but also alleviate the large volume expansion and
maintain the structure stability during potassiation. These advan-
tages endow the Bi,S3/IG nanocomposites with enhanced capacity,
rate capability, and cycle stability as PIBs anode in reference to its
pristine Bi,S; counterpart. In addition, since electrolyte has a great
influence on the potassium storage performance, three electrolytes
(i.e., 1T mol/L KFSI in EC/DEC, 1 mol/L KFSI in DME, and 5 mol/L
KFSI in DME) were selected for optimum the potassium storage
performance of the Bi,S3/IG electrodes. Among all, the Bi,S3/IG
showed the best comprehensive performance with 5 mol/L KFSI in
DME electrolyte in terms of capacity, cycle performance, and rate
capability.

Fig. 1a showed the schematic illustration of the synthesis pro-
cedure for the Bi;S3/IG composite. BiOI nanoflowers were firstly
synthesized through a hydrothermal process at 160 °C using
Bi(NO3)-5H,0 and KI as precursors. The BiOI was then re-dispersed
into graphene oxide dispersion and sulfurized with thioacetamide
by hydrothermal method at 180 °C for 12 h In this process, Bi;S3
was in-situ grew and encapsulated in graphene framework, and
iodine atoms decomposed by BiOl were captured by graphene to
form iodine-doped graphene. Finally, after an annealing process
under Ar atmosphere at 300 °C, the Bi,Ss/I doped-rGO (denoted
as Bi,S3/IG) was obtained. The morphologies of the materials were
characterized using scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM). The BiOI intermediates exhib-
ited a nanoflower-like structure composed of multiple nanosheets
(Fig. S1 in Supporting information). The microstructure of Bi,S;
exhibited a nanorod-like morphology with a length of ~200 nm
and a width of ~50 nm (Figs. 1b and c). The high-resolution TEM
(HRTEM) image of Bi,S3 shown in Fig. 1d revealed two sets of
crystal lattice fringes with interplane spacing of 0.375 nm and
0.357 nm, corresponding to the (101) and (130) index planes. The
morphologies of the Bi;S3/IG composite were shown in Figs. 1le
and f, where the Bi,S; nanorods were dispersed throughout the
graphene skeleton structure. Interestingly, the graphene encapsu-
lation further confined the growth of Bi;S; nanorods to a length of
~100 nm and a width of ~30 nm. The interfacial boundary of Bi,S3
and iodine-doped graphene could be seen in the HRTEM image of
the complex (Fig. 1g). The observed blur of the Bi,Ss lattice fringes
could be linked to the overlaying of graphene sheets. Besides, the
element distribution mapping results of Bi,S3/IG were displayed in
Fig. S2 (Supporting information), demonstrating the presence of io-
dine.
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Fig. 2. Characterization of Bi,S; and Bi,S3/IG. (a) XRD pattern of Bi,S3 and Bi,S3/IG,
with the standard PDF card of orthorhombic Bi,S; for identification. (b) Raman
spectra of Bi,S; and Bi,S;/IG. (c) Survey XPS spectrum of Bi,S; and Bi,Ss3/IG, the
dotted boxes marked the differences in peaks between the two samples. High-
resolution (d) I 3d, (e) Bi 4f, and (f) C 1s XPS spectra of the Bi,S3 and Bi,S3/IG.

X-ray diffraction (XRD) pattern was employed to investigate the
crystal structure of the Bi,S; and Bi,S3/IG (Fig. 2a). The Bi;S3 con-
sisted of peaks indexed to the orthorhombic crystal system refer-
enced against PDF card (Bi,Ss3, #17-0320). The main crystal planes
were marked in the spectrum. Besides, the XRD pattern of the
precursor BiOl was provided in Fig. S3 (Supporting information),
with major peaks indexed to the tetragonal crystal lattice struc-
ture. Fig. 2b showed the Raman spectra of Bi,S3/IG in reference to
the Bi,S3, where the obvious D and G peaks of carbon confirmed
the existence of graphene in the former.

X-ray photoelectron spectroscopy (XPS) further revealed the
presence of iodine and the interaction between Bi,S; and graphene
in the composite. Fig. 2c showed the full XPS spectra of the Bi,S3
and Bi,S3/IG, where the I 3d peak appeared in the Bi;S3/IG com-
posite, while the peaks of O 1s and C 1s were strengthened sig-
nificantly compared with the pure Bi,S;. The rise in binding en-
ergy for carbon and oxygen within the composite further con-
firmed the existence of graphene with oxygen-containing groups.
Moreover, the emergence of iodine peaks demonstrated that io-
dine doping had been successful. Since no iodine peak was seen
for Bi,S3 and the associated XRD pattern did not alter, it was fair to
infer that the iodine atoms doped predominantly inside graphene
sheets. The high-resolution I 3d XPS spectrum of the Bi,S3/IG was
displayed in Fig. 2d, where the peaks at 630.8 and 619.3 eV be-
longed to Is~ 3dsp; and Is~ 3dsp, and the peaks at 630.3 and
618.8 eV belonged to I3~ 3dsp, and I3~ 3dj3),, respectively [37,38].
The iodine-doping in graphene could led to the formation of iodide
polyanions which facilitated the improvement of electrical con-
ductivity and chemical activity, resulting in rapid charge transfer
and enhanced charge density [39]. As for the high-resolution XPS
spectrum of Bi 4f (Fig. 2e), the peaks of Bi,S3/IG shifted towards
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Fig. 3. Electrochemical behaviors of the Bi,S; and Bi,S3/IG in 5 mol/L KFSI/DME
electrolyte. CV curves of (a) Bi,S; and (b) Bi,S3/IG at a scan rate of 0.1 mV/s. Initial
three galvanostatic discharge/charge curves of (c) Bi,S; and (d) Bi,S3/IG at a current
density of 50 mA/g.

the high binding energy compared with that of Bi,S3, confirming
the strong interaction between Bi,S; and IG. This interfacial elec-
tron migration resulted in strong polarization and electron field at
the interface, which was conducive to higher electrochemical ac-
tivity [34]. The C 1s spectra (Fig. 2f) showed enhanced peaks of
C=0/C-0OH bonds, which belonged to the residual surface groups of
graphene.

Half-batteries were assembled to examine the potassium stor-
age behavior of the Bi,S3/IG composite. Three electrolytes (i.e.,
1 mol/L KFSI in EC/DEC, 1 mol/L KFSI in DME, and 5 mol/L KFSI
in DME) were used for Bi,S; and Bi,S3/IG electrodes to opti-
mum the potassium storage performance. The corresponding cyclic
voltammograms (CV) and galvanostatic charge/discharge curves of
the Bi,S; and Bi,S3/IG in these three electrolytes were shown in
Fig. 3, Figs. S3 and S4 (Supporting information). As seen, the Bi,S3
electrode had a poor CV reversibility regardless of the nature of
electrolyte. In contrast, the reversibility was significantly improved
post iodine doping and graphene encapsulation as in Bi,S3/IG. The
discharge-charge curves of the Bi,S; further exhibited low initial
Coulombic efficiencies of 40.1%, 47.8% and 43.6% in the ester and
ether-based electrolytes (Fig. S4b and S5b in Supporting informa-
tion, Fig. 3c), respectively. In the case of the Bi,S3/IG electrode, the
initial Coulombic efficiency in ester electrolytes (Fig. S4d, 54.5%)
was also a little lower than those in the ether electrolytes (Fig. S5d
in Supporting information, 57.6% and Fig. 3d, 57.8%). Thus ether-
based electrolytes might be preferable to Bi,Ss;-based electrodes.
Figs. 3a and b showed the CV curves of the Bi;S3 and Bi,S3/IG
electrodes in a potential range from 0.01 to 3.0 V (vs. K™/K) at a
scan rate of 0.1 mV/s with 5 mol/L KFSI in DME as electrolyte. As
seen, three peaks located at 1.19, 0.58 and 0.07 V were found in
the initial cathodic scan. The peak at 1.19 V could be ascribed to
the formation of a solid electrolyte interphase (SEI) film and the
conversion of Bi,S3 to Bi and K;S, while the other two peaks re-
flected the alloying process between Bi and K*, resulting in nu-
merous KyBi molecules [40]. The first anodic scan also showed
three peaks near 0.71, 1.23 and 2.43 V, respectively. The peaks at
0.71 and 1.23 V represented the dealloying reaction of KBi to Bi,
whereas the peak at 2.43 V signified the weak conversion reac-
tion from Bi and K,S to Bi,Ss. Interestingly, these anodic peaks
of Bi,S; later weakened or disappeared in the subsequent cycles,
which could be attributed to the low reversibility of conversion
reactions and the structural collapse of the electrode. Although no
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new peaks were identified in the case of Bi,S3/IG, the reversibil-
ity of CV curves readily improved, suggesting a kinetic facilitation
with iodine-doped graphene encapsulation. The cathodic peak at
~1.02 V later weakened in the second and third cycles, indicating
the formation of SEI layer and the weak process of the conversion
reaction. The peaks at ~0.63 V shifted to higher potential in the
subsequent cycles, which could be attributed to the structural re-
finement of the electrode materials. Figs. 3c and d showed the gal-
vanostatic charge/discharge curves of Bi,S3 and Bi,S3/IG electrodes.
The potential plateaus in discharge/charge curves were nearly iden-
tical to those seen in CV curves. Compared with the Bi,S;, en-
hanced initial coulombic efficiency with inhibited capacity atten-
uation was realized in Bi,S3/IG.

To further investigate the influence of electrolytes on potassium
storage performance, cycling performances in the above three elec-
trolytes were conducted for the Bi;S3 electrode at 200 mA/g, as
shown in Fig. S6 (Supporting information). The Bi,S; electrode had
the highest capacity and the best cycle stability with the 5 mol/L
KFSI in DME electrolyte. The rate performance of Bi,S3 electrode
was tested at different current densities, where the Bi,S; with
5 mol/L KFSI in DME exhibited the highest capacity retention at
enhanced current density. The improved chemical characteristics
of Bi,S; in ether electrolytes might be derived from its ability to
produce a more stable SEI layer on the Bi,Ss surface and prompt
kinetic process of potassium ion storage [41]. Fig. S7 (Supporting
information) showed the electrochemical performances of Bi,S3/IG
electrodes in the above three electrolytes with relatively improved
performance realized in 5 mol/L KFSI in DME. According to the
HOMO (highest occupied molecular orbital) and LUMO (lowest un-
occupied molecular orbital) energy levels of KFSI, KPFg, DME, EC
and DEC, the KFSI salt owns more reactive feature, while the DME
solvent owns a more inactive characteristic [42-45]. Thus, when
KFSI/DME electrolyte is selected, KFSI is preferred to form a ro-
bust inorganic SEI layer on the electrode surface rather than sol-
vent decomposition, which can inhibit the growth of potassium
dendrites [46,47]. Meanwhile, concentrated KFSI electrolyte can en-
hance the stability of the solvent [47,48]. These characteristics en-
abled Bi,S3/IG to perform higher Coulombic efficiency and better
cyclic stability with the electrolyte of 5 mol/L KFSI in DME. As a
result, 5 mol/L KFSI in DME electrolyte was chosen as the opti-
mum electrolyte for comparing the potassium storage performance
of the Bi,Ss; and Bi,S3/IG electrode.

The cycling performances of Bi,S; and Bi,S3/IG electrodes at
100 mA/g for 200 cycles were shown in Fig. 4a, which were
pre-activated at a low current density of 50 mA/g for the initial
three cycles before the long-term cycle testing. The Bi,S; elec-
trode showed an initial reversible capacity of 242.1 mAh/g with a
maintained capacity of only 94.9 mAh/g after 200 cycles. In con-
trast, the Bi,S3/IG composite revealed an initial reversible capac-
ity of 413.6 mAh/g with a maintained capacity of 256.9 mAh/g
after 200 cycles. The rate performances of Bi;S;3 and Bi,S3/IG
electrodes were evaluated by varying the current density from
50 mA/g to 2000 mA/g (Fig. 4b). Here, the Bi,S3/IG electrode de-
livered reversible capacities of 453.5, 373.5, 304.8, 241.0, 169.9 and
78.2 mAh/g at different current densities of 0.05, 0.1, 0.2, 0.5, 1 and
2 Alg, respectively, much higher than those of the Bi,S3 electrode,
which lost its work ability at 500 mA/g. The results indicated that
the addition of iodine-doped graphene could effectively increase
the potassium storage performances of the Bi;S;. Meanwhile, Fig.
S8 (Supporting information) provided the rate capabilities of pure
graphene electrode with 5 mol/L KFSI in DME as electrolyte. Fig. 4c
showed the electrochemical impedance spectroscopy (EIS) of Bi,Ss3
and Bi,S3/IG electrodes with the 5 mol/L KFSI in DME electrolyte.
The charge transfer resistance (R¢) of BiyS3 reduced dramatically
when the iodine-doped graphene was introduced, as evident by
the lower semicircle diameter of the Bi;S3/IG electrode, which was
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Fig. 4. Electrochemical properties of Bi,S3 and Bi,S3/IG as electrode materials. (a) Cycle performance of Bi,S; and Bi,;S3/IG at 100 mA/g in 5 mol/L KFSI in DME electrolyte.
(b) Rate capabilities of Bi,S; and Bi,S3/IG from 50 mA/g to 2 A/g in 5 mol/L KFSI in DME electrolyte. (c) Nyquist plots of the Bi,S3 and Bi,S3/IG with corresponding fitting
circuit. (d) The morphologies of Bi,S; electrode (i, ii) before and (iii, iv) after cycling. (e) The morphologies of Bi,S3/IG electrode (i, ii) before and (iii, iv) after cycling.

responsible for the superior electron transfer efficiency and good
rate performance of the Bi;S3/IG composite. The Nyquist plots of
Bi,S3 and Bi,S3/IG with their fitting curves in 1 mol/L KFSI in
EC/DEC and 1 mol/L KFSI in DME were provided in Fig. S9 (Sup-
porting information), which showed similar rule. Figs. 4d and e
showed the morphologies of the Bi,S3 and Bi,S3/IG electrodes be-
fore and after cycling, respectively. The surface of both electrodes
had good flatness before cycling. However, obvious cracks were ob-
served for the Bi,S; electrode post cycles at 100 mA/g, explain-
ing its fast-declining capacity. By contrast, after adding the iodine-
doped graphene, the structural stability of the Bi,S3/IG electrode
was obviously improved. No obvious crack can be observed on the
surface of Bi,S3/IG electrode after cycling, which was responsible
for the better cycling stability.

In conclusion, we proposed a Bi,S3/IG composite as an effi-
cient anode for PIBs. Compared with the pure Bi,Ss, the interaction
between Bi,S; and iodine-doped graphene realized a more sta-
ble structure with improved electron transfer rate, enhancing the
overall potassium storage performances of the Bi,S3-based materi-
als in terms of capacity, cycle performance, and rate performance.
The electrochemical performances of Bi,S3 and Bi,S3/IG electrodes
were also investigated in three different electrolytes, with 5 mol/L
KFSI in DME as the best choice. The representative Bi,Ss/IG com-
posite achieved a high specific capacity of 453.5 mAh/g at a
current density of 50 mA/g with good cycling performance at
100 mA/g. The constructed Bi,S3/IG composite and the proposed
iodine doping graphene approach are expected to improve the per-
formance of potassium ion batteries and related electrochemical
applications.
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