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a b s t r a c t

Metallic bismuth as a promising anode for alkali metal-ion batteries has attracted great attentions because 
of superb volumetric capacity (3800 mA h cm−3) and suitable working voltage plateaus (∼0.5 V). However, 
Bi anode suffers from large volume change during repeated cycling, resulting in poor cycle performance. In 
this contribution, Bi nanoparticles embedded in N-doped carbon materials (Bi@N-C) are designed and 
fabricated by one-step pyrolysis method. Thanks to the synergistic effects of Bi nanoparticles and the N- 
doped carbon framework, the elaborately designed Bi@N-C can not only reduces the ion/electron diffusion 
pathways and enhances the reaction kinetics, but can also availably inhibits the agglomeration of Bi par-
ticles, and effectively alleviates the volume fluctuation. As an anode material, the Bi@N-C exhibits advanced 
rate capability (219 mA h g−1 at 5 A g−1) and excellent stable cycle ability (307 mA h g−1 at 1 A g−1, after 400 
cycles) in sodium-ion batteries. Furthermore, the Bi@N-C anode also exhibit good stable cycle ability 
(240 mA h g−1 at 1 A g−1, after 70 cycles) in potassium-ion batteries. This study provides a facile and 
environmentally friendly way for fabricating high performance Bi anodes towards SIBs and PIBs.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

Since first reported in 1991, lithium-ion batteries (LIBs) have 
become the most popular energy storage devices due to their high 
energy density, powering portable electronics and electric vehicles 
[1,2]. However, their large-scale application is affected by the high 
cost and scarcity of lithium resources (0.0017 wt% in Earth’s crust) 
[3–5]. Sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs) 
are considered the most promising candidates for alternative LIBs 
because of their low cost, abundant resources, and good electro-
chemical properties similar to those of LIBs [6–8]. Unfortunately, 
their higher ionic radius (Li+: 0.76 Å, Na+: 1.02 Å, K+: 1.38 Å) make the 
electrode materials widely used in commercial LIBs fail to work in 
both SIBs and PIBs systems [9–11]. Therefore, exploring suitable 
electrode materials with large capacity, high reversibility and en-
vironmental friendliness for Na/K-storage is urgently needed.

In recent years, alloyed anode materials (Si, Sn, Sb, Bi) have been 
studied in SIBs and PIBs due to their multi-electron transfer reaction 
mechanism based on reversible alloying/dealloying processes, 
showing high theoretical capacity (> 300 mA h g−1) [12–15]. As a 
proof of concept, bismuth (Bi) is a promising anode for either SIBs or 
PIBs because of the inherent merits of non-toxic, low cost, high 
volumetric capacity (3800 mA h cm−3) and suitable working po-
tential (∼0.5 V) [16–18]. Notwithstanding, the applications of Bi 
anodes are currently plagued with the dramatic volume expansion 
during long-term cycling, which unavoidably causes the pulveriza-
tion of the electrode and gives rise to the rapid decay of capa-
city [19,20].

To solve the issue, many approaches including nano-engineering, 
surface modification and carbon composites with Bi metal have been 
adopted [17,21–24]. Especially, carbon has been identified as the 
most popular carriers or coating layers used to solve the problems of 
Bi based anodes due to their good electrical conductivity and pro-
cessability [25,26]. For example, 3D Bi@graphite nanocomposites 
were constructed and provided a high capacity of 561 mA h g−1 at 
40 mA g−1 [27]. Bi nanoparticles anchored on graphene nanosheets 
exhibited improved electrochemical performance because graphene 
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can not only act as a buffer layer to relieve volume expansion, but 
also as an electrical conductor to improve the conductivity of the Bi 
anodes [28]. Although aggressive efforts have contributed sig-
nificantly to the battery performance of Bi anode, this is still a 
challenge as the Bi anodes are still subjected to complex synthesis 
procedures that are likely unsuitable for large-scale applications.

Herein, Bi nanoparticles embedded in N-doped carbon frame-
work (Bi@N-C) were synthesized by one-step calcination and used as 
anodes for SIBs and PIBs. The carbon frameworks not only suppress 
the agglomeration and relieve the volume expansion of Bi nano-
particles, but also accelerate the transport rate of ions/electrons. 
Meanwhile, the pyrolyzed N in carbon frameworks enhances the 
conductivity and electrochemical reactivity of the active material 
while providing profuse dynamic interface sites for Na+/K+ storage. 
As anode for SIBs, the Bi@N-C composite displayed excellent rate 
reversibility (219 mA h g−1 at the current density of 5 A g−1) and good 
stable cycle ability (307 mA h g−1 after 400 cycle at 1 A g−1). 
Furthermore, a high specific capacity of 240 mA h g−1 after 70 cycles 
at 1 A g−1 was realized for the Bi@N-C composite when used as an 
anode for PIBs.

2. Material and methods

2.1. Materials

Ammonia bismuth citrate (99%) and polyvinylidene fluoride 
(PVDF) were purchased from Innochem chemical and biological 
high-end reagents, Aladdin. Super P was purchased from Suzhou 
Yilongsheng Energy Technology Co. LTD. N-Methyl Pyrrolidone 
(NMP) was purchased from Tianjin Xinte Chemical Co., LTD.

2.2. Material synthesis

Bi@N-C composite was prepared by one-pot carbonization. 
Briefly, a certain amount of ammonia bismuth citrate (BiX 

(NH3)XC6H7O7) was heated to 600 °C, 800 °C, 1000 °C (heating rate of 
3 °C min−1) under N2 atmosphere, and kept for 2 h. Then, the col-
lected powders were directly used as the active material without any 
treatment. According to the carbonization temperature, the products 
obtained at different temperatures were denoted as Bi@N-C-600, 
Bi@N-C-800, and Bi@N-C-1000, respectively.

2.3. Electrochemical measurement

The electrodes were prepared by grinding and mixing the pre-
pared material (80 wt%), Super P (10 wt%) and PVDF (10 wt%) well 
for about 15 min. And then a homogeneous slurry with the help of 
NMP (7–8 drops) as solvent was obtained. It was pasted on pure 
copper foil and dried in a vacuum oven at 110 °C for 12 h. The 
average active mass loading amount of active substrate on each 
electrode patch is 1.0 mg cm−2. CR 2032 coin type using celgard GF/D 
films as separators were assembled in an argon-filled glove box (O2, 
H2O levels < 0.1 ppm). For SIBs, a sodium sheet was used as the 
counter electrode, and 1 M NaPF6/diethylene glycol dimethyl ether 
(G2) was used as electrolyte. For KIBs, a potassium sheet was used as 
the counter electrode, and 1 M KPF6/1,2-dimethoxyethane (DME) 
was used as electrolyte. Sodium and potassium sheets have certain 
safety hazards and all batteries should be disposed of after testing 
[29,30]. The volume of electrolyte for each cell is 100 μL. The cyclic 
voltammetry (CV) curves were tested by an electrochemical work-
station (CHI 660E). The electrochemical impedance spectroscopy 
(EIS) was conducted from 0.01 to 100 kHz with an alternating cur-
rent oscillation of 5 mV on a Zahner Elektrik electrochemical 
workstation.

2.4. Characterizations

The powder X-ray diffraction (XRD, using Cu Ka radiation, Bruker 
D8 Advance) was carried out in the wide 2 θ range of 10–80°. The 
microstructure and morphology patterns were observed by field 
emission scanning electron microscopy (Hitachi FESEM S-4800, 
Japan) equipped with energy-dispersive X-ray spectroscopy (EDS) 
and transmission electron microscopy (Hitachi TEM H7700, Japan). 
The electronic states of the nanocomposites were examined with X- 
ray photoelectron spectroscopy (Versa Probe XPS, PHI 5000). 
Thermogravimetric analysis (TGA) was conducted on a SDTQ600 
thermal analyzer with a constant heating rate of 10 °C min−1 in the 
atmosphere.

3. Results and discussion

3.1. The morphology and microstructure of Bi@N-Cs nanocomposites

The fabrication process of Bi@N-C composites is displayed in 
Fig. 1. Briefly, the Bi@N-C composites were prepared at different 
pyrolysis temperatures using ammonia bismuth citrate as the only 
raw material, wherein the N element of ammonia bismuth citrate is 
expected to be doped in situ to the carbon frameworks. The sample 
preparation process requires only a one-step heating process, of-
fering operational simplicity, low cost, and scalability for large-scale 
applications.

The morphology of the above-mentioned nanocomposite was 
first analyzed by SEM. The bismuth citrate ammonia precursor ex-
hibits the shape of a rough bulk sheet stack (Fig. S1). After carbo-
nization, Bi@N-C-600 and Bi@N-C-800 composites (Fig. 2a, b and d) 
show similar morphologies. Importantly, interconnected Bi nano-
particles anchored in the carbon sheet can be unambiguously seen 
for the Bi@N-C-800 composite (Fig. 2e). When the temperature rises 
to 1000 °C, the number of Bi nanoparticles gradually decreases, 
leaving only the carbon backbone, which is caused by the volatili-
zation of metallic Bi at higher temperatures (Fig. 2c, f) [19,31].

The elemental distribution of the Bi@N-C-800 composite was 
studied via X-ray spectroscopy (EDS) mappings. In Fig. 2g-k, the 
elemental mapping shows the Bi nanoparticles and N, O atoms 
homogeneously distributed within the carbon sheets. To observe the 
more microstructures of the Bi@N-C-800 nanocomposite, TEM tests 
were conducted, as displayed in Fig. S2a, b. The TEM image proves 
that Bi@N-C-800 is composed of numerous Bi nanoparticles, which 
is consistent with SEM results. About 100 Bi nanoparticles (Bi NPs) 
were selected to calculate the size distribution. Fig. S2c of the size 
distribution shows that these ultrafine Bi nanoparticles are also 
around 15 nm. The small size of Bi nanoparticles is beneficial for 
shortening Na/K ions diffusion distance.

Thermogravimetric analysis (TGA) of the bismuth citrate am-
monia precursor under N2 atmosphere, the sample shows two dis-
tinct weight loss steps. The first weight loss was 44% between 270 
and 330 °C, corresponding to the conversion of ligand to carbon, and 
the second weight loss of 8% between 330 and 390 °C was the 

Fig. 1. Schematic illustration of the fabrication progress of the Bi@N-Cs composite. 
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decomposition of intermediate products (Fig. S3). At high tempera-
ture, the organic ligand of the ammonia precursor of bismuth citrate 
is converted to amorphous carbon and Bi metal is converted to liquid 
due to its low melting point (271 °C). During cooling, the formed 
carbon skeleton can limit the aggregated growth of Bi, resulting in 
N-C-covered nano-Bi [31].

Fig. 3a shows the XRD pictures of Bi@N-C-600, Bi@N-C-800, and 
Bi@N-C-1000. All the peaks of the three samples correspond to the 
characteristic diffraction peaks of standard hexagonal Bi 
(PDF#44–1246). The three diffraction peaks at 27.2°, 37.9°, and 39.6° 
can be indexed to a hexagonal Bi [32,33]. It can be observed the 
broad peaks at 28° of the Bi@N-C-800 and Bi@N-C-1000 composites 
gradually become sharper, which can be attributed to the surface 
oxidation of the Bi nanoparticles and the pyrolysis of amorphous 
carbon [23,34].

The effects of carbonization temperature on the degree of gra-
phitization of the Bi@N-C-600, Bi@N-C-800, and Bi@N-C-1000 
samples were analyzed via Raman spectra (Fig. 3b). The Raman 
peaks of 1341 cm−1 (D-band caused by defects) and 1574 cm−1 (G- 
band related to graphitization) are characteristic peaks of carbon, 
and the calculated values of ID/IG of the samples are used to estimate 
the defect of carbon [35,36]. The ID/IG values of the three samples are 
0.99, 0.98, and 0.97, respectively, indicating a decrease in defect sites 
and an increase in graphitization with increasing temperature 
[16,31]. The Bi contents of the three samples are calculated from TGA 
results in air conditions (Fig. 3c). The weight loss of the samples 
between 300 and 550 °C becomes evident, which was ascribed to the 
combustion of carbon ligand and the oxidation of pure bismuth 
nanoparticles [37,38]. The Bi contents of Bi@N-C-600, Bi@N-C-800 
and Bi@N-C-1000 calculated are 79.56 wt%, 81.08 wt%, and 40.22 wt 
%, respectively, as calculated according to Equation from TG plots 
(Supporting Information, Equation S1) [39]. The content of carbon in 

the Bi@N-C-800 is 18.92 wt%, which can inhibit the volume expan-
sion of Bi during cycling and enhance the conductivity of the elec-
trode.

The chemical states of the Bi@N-C-800 were explored via X-ray 
photoelectron spectroscopy (XPS). In full survey spectrum of the Bi@ 
N-C-800 composite reveals the existence of Bi, C, N, and O elements 
(Fig. S4a). The high-resolution of Bi 4 f spectrum (Fig. 3d) shows the 
characteristic peaks of Bi-O-X (X: C or N, 158 and 163.2 eV) and Bi0 

(157.0 and 162.3 eV) [40]. The high-resolution C 1 s spectrum 
(Fig. 3e) at 283.2, 283.7, 285.3, and 287.5 eV is ascribed to the C-C, N- 
C, C]O and O-C]O peaks, respectively. The N 1 s spectrum (Fig. 3f) 
consists of the three peaks at 396.8, 399.7, and 401.5 eV, attributed to 
pyridinic-N, pyrrolic-N, and graphitic-N, respectively. The content of 
N in the composite is 3.84 wt%, which is energetically favorable for 
providing more active sites. The peaks at 527.8 and 532.2 eV of the O 
1 s spectrum, correspond to C]O and COOH (Fig. S4b) [41,42]. 
Moreover, the peak at 530.7 eV also assigned to the Bi-O-C bond, 
demonstrates that the Bi nanoparticle was successfully localized to 
the N-doped carbon complex, which is beneficial for structural sta-
bility for the Bi@N-C-800 composite [31,43].

3.2. Sodium storage performance

The electrochemical properties of the Bi@N-C-600, Bi@N-C-800, 
and Bi@N-C-1000 samples used as anodes for SIBs were investigated. 
Fig. 4a displayed the first five CV curves of the Bi@N-C-800 electrode 
at a small scan rate (0.1 mV s−1) with a voltage range of 0.01–1.5 V. 
During the first cathodic process, a broad peak around 0.6–0.7 V is 
assigned to the formation of SEI film and the phase transition from Bi 
to NaBi. A sharp peak at 0.47 V corresponds to the alloy reaction 
process of NaBi (NaBi→Na3Bi). During the first anodic process, two 
anodic peaks appeared at 0.61 and 0.77 V, which are attributed to a 

Fig. 2. SEM images of (a, d) Bi@N-C-600, (b, e) Bi@N-C-800 and (c, f) Bi@N-C-1000. (g-k) Elemental mappings of the Bi@N-C-800. 

R. Ababaikeri, Y. Sun, X. Wang et al. Journal of Alloys and Compounds 935 (2023) 168207

3



typical two-step dealloying reaction (Na3Bi→NaBi→Bi) [44,45]. 
During the subsequent cycle, the two couple of oxidation/reduction 
peaks are collected, all agreed with the two-step alloying/dealloying 
process. It is worth mentioning that, after first scan, the CV curves 
almost overlapped, demonstrating the Bi@N-C-800 electrode has 
good electrochemical reversibility.

Fig. 4b shows the first three cycles of charge/discharge curves of 
the Bi@N-C-800 electrode at 0.1 A g−1. The potential plateaus of the 
redox peaks are consistent with the CV results. The initial discharge- 
charge capacities of 706/403 mA h g−1 with an initial coulombic ef-
ficiency (ICE) of 57.08% of the Bi@N-C-800 electrode is obtained. 
Nevertheless, the Bi@N-C-600 and Bi@N-C-1000 electrodes (Fig. S5a, 
b) provided 729/391 mA h g−1 and 612/385 mA h g−1, the ICE is 
53.63% and 62.90%, respectively. The following cycles of this sample 
are completely overlapped, which further proves that Bi@N-C-800 
has better electrochemical reversibility than the Bi@N-C-600 and 
Bi@N-C-1000.

The cycling stability of the three anodes at 0.1 A g−1 is displayed 
in Fig. 4c. The Bi@N-C-600, Bi@N-C-800, and Bi@N-C-1000 delivered 
265, 347, and 214 mA h g−1 after 50 cycles with 66.58%, 88.52%, and 
59.61% capacity retention, respectively, showing the excellent cy-
cling stability of the Bi@N-C-800. The rate performance of the three 
anodes was also examined. As we hoped, the Bi@N-C-800 electrode 
displayed a high rate capability. The reversible capacities are 305, 
242, 272, 267 and 255 mA h g−1 at the different current densities 
(0.1–2 A g−1), respectively (Fig. 4d). In addition, compared with Bi@ 
N-C-600 and Bi@N-C-1000, the Bi@N-C-800 anode shows a higher 
rate performance due to its N-doped carbon materials and na-
noscale-Bi enhance the electrical conductivity of the anode material 
and shorten the diffusion distance of ions/electrons [31]. Also, when 
the current density is directly set to 0.1 A g−1, Bi@N-C-800 electrode 
can rapidly recover a charge capacity of about 285 mA h g−1, which 
surpasses that of the Bi@N-C-600 (256 mA h g−1) and the Bi@N-C- 

1000 (182 mA h g−1), indicating that the Bi@N-C-800 composite has 
good structural stability and a much higher reversible capacity. 
Meanwhile, the voltage plateaus exhibit obvious plateaus at 0.61/ 
0.76 V and 0.47/0.63 V, which are well coincident with the above CV 
curves, and the shapes of the curves basically overlap at various 
current densities, further proving the stable electrochemical per-
formances of the Bi@N-C-800 (Fig. 4e).

More interestingly, the Bi@N-C-800 electrode conducted long 
rate performance tests (Fig. S6). The charge capacity still provided 
219 mA h g−1 at a large current density of 5 A g−1, it can also deliver 
280 mA h g−1, when the current density sets back to 0.5 A g−1 after 
260 cycles, which further verifies the superior electrochemical re-
versibility and structural stability of the Bi@N-C-800 electrode. It is 
particularly worth mentioning that the rate performance of the Bi@ 
N-C-800 electrode is superior to the previously reported Bi-based 
electrodes for SIBs (Fig. 4f) [13,16–19,28,46–49].

The long cycling performance of the Bi@N-C-800 electrode was 
also verified at a higher current density of 1 A g−1 (Fig. 4g). The Bi@N- 
C-800 electrode delivered 307 mA h g−1 after 400 cycles with nearly 
100% CE, displaying favorable Na+ reaction kinetics and superior 
cycling stability. The excellent cycling stability of the material, be-
cause the N-doped carbon can inhibit the volume expansion of 
bismuth and maintain the porous integrity of the material. In ad-
dition, N-doped carbon improves the conductivity of the material 
during cycling, which has been proved by electrochemical im-
pedance testing, the results and equivalent circuit of the EIS fitting as 
shown in fig. S7a, b. Even at a high current density of 5 A g−1, the 
sodium storage capacity remained at 219 mA h g−1 after 300 cycles 
with almost 100% capacity retention (Fig. 4h). Such superior stabi-
lity, stable reversibility, and high CE all indicate that the Bi@N-C-800 
composite is a promising anode material for SIBs.

To explore the superior electrochemical stability, the morphology 
and structure evolution of the Bi@N-C-800 electrode during the 

Fig. 3. (a) XRD, (b) Raman patterns and (c) TGA curves of Bi@N-C-600, Bi@N-C-800 and Bi@N-C-1000. High resolution XPS spectra of (d) Bi 4f, (e) C 1s, and (f) N 1s for the Bi@N- 
C-800.
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cycle were also conducted (Fig. S8). The surface morphology of Bi@ 
N-C-800 hardly changes after 20, 50, or 100 cycles, which remains a 
cross-linked network structure. This special structure not only re-
duces the surface energy to withstand the expansion during cycling, 
but also shortens the transport distances of ion/electron, thus always 
ensuring stable electrochemical performance.

The electrochemical impedance spectroscopy (EIS) of the Bi@N-C 
composites after 5, 10, 20, and 50 cycles were tested (Fig. 5a-c). The 
Nyquist plot consists of a semicircle in the high frequency region 
followed by a straight line in the low frequency region, representing 
the charge transfer resistance (Rct) and the Warburg impedance (Zw) 
of the diffusion process of Na+, respectively [32,50,51]. By compar-
ison, the Rct of the Bi@N-C-800 anode (18 Ω) lower than those of the 
Bi@N-C-600 (27 Ω) and Bi@N-C-1000 (62 Ω) anodes after 5 cycle, 
indicating fast kinetics for the Bi@N-C-800. The improved kinetics 
may be attributed to: (i) a good balance of the defect and graphiti-
zation degree of N-doped carbon contributes to the formation of a 
stable SEI film; (ii) a cross-linked structure formed after cycling is 
beneficial to enlarge the contact area between the electrolyte and 
active substance, which further promotes the fast transport of so-
dium ions/ electrons and endows the minimum electrochemical 
reaction resistance [52].

The capacitive effect of the Bi@N-C-800 electrode was examined 
by CV at different scan rates. As shown in Fig. 5d, the redox peaks 
remained similar in shape as the scan rates ranged from 0.1 to 

10.0 mV s−1. The calculated b value is given by the slope of the log(v)- 
log(i) plots of the two pairs of redox peaks (R1/O1, R2/O2) displayed 
in Fig. 5e [50,53]. The b-values of the two pairs of peaks are 0.575/ 
0.532 and 0.572/0.537, respectively, which are all around 0.5, in-
dicating a diffusion dominated process. The contributions of diffu-
sion control and capacitance control can be calculated using the 
following formula [54]:  

i(v) = k1v1/2+k2v                                                                    (1)

i(v)/v1/2 = k1+k2v1/2                                                                (2) 

For instance, the contribution ratio of capacitance behavior ac-
counts for 56% at 1 mV s−1 (Fig. 5f). The proportion of other scanning 
rates displayed in Fig. 5g, the capacitive contributions are 35%, 45%, 
50%, 58%, 68% and 89% at the different scan rate (0.1–10 mV s−1). It 
implies that this alloying/dealloying process is dominated by diffu-
sion at low rates, while it is mainly a capacitive process at high rates 
[55]. The increased contribution of capacitance behavior with an 
increasing scanning ratio will facilitate fast kinetics and contribute 
to excellent rate performance.

The sodium-ion diffusion coefficient of the Bi@N-C electrode is 
calculated by the GITT shown in Fig. 5h, as calculated according to 
Equation S2 (the test method is shown in Fig. S9). The sodium-ion 
diffusion variations for the three samples exhibit similar potential 

Fig. 4. Na-storage behaviors. (a) CV curves. (b) Galvanostatic charge-discharge curves. (c) Cycling stabilities and (d) Rate performances of Bi@N-C-600, Bi@N-C-800 and Bi@N-C- 
1000 electrodes. (e) Galvanostatic charge-discharge curves at different current densities. (f) Comparison of rate capabilities. Long-term cycling stabilities at (g) 1.0 A g−1 and (h) 
5.0 A g−1.
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fluctuation trends during the whole alloying/dis-alloying process 
[20,39]. The calculated results are shown in Fig. 5i and S10. The Bi@ 
N-C-800 composite had slightly higher diffusion coefficients of so-
dium ions during both intercalation and extraction than the Bi@N-C- 
600 and Bi@N-C-1000, indicating the more rapid sodium-ion diffu-
sion kinetics of the Bi@N-C-800 composite.

3.3. Study on the mechanism of sodium storage

Ex-situ XRD, EIS, and EDS mapping patterns were conducted to 
detect Na-storage mechanisms and the phase evolution of the Bi@N- 
C-800 anode during cycling. The first charge/discharge curves and 
the corresponding XRD patterns are displayed in Fig. 6a, b. During 
the discharge process, the peak of Bi at about 27.1° gradually de-
cayed, while the peak corresponding to the peak of NaBi at about 
31.6°gradually appeared, showing the alloying reaction between Bi 
and Na to form NaBi. Discharged to 0.01 V, along with the dis-
appearance of the NaBi peak, the Na3Bi peak appeared at 27.0°and 
32.8°, which confirmed that NaBi reacted with Na ions to form Na3Bi 
[18,45]. These results suggest that Bi is first discharged to form NaBi, 
then further discharged to form Na3Bi. The charging process is re-
versible. Fortunately, the results are almost consistent with the CV 
results. Therefore, the alloying mechanism can also be expressed by 
the following formula [18,56]:  

Bi + Na+ + e-→NaBi                                                                (3)

NaBi + 2Na+ + 2e-→Na3Bi                                                       (4) 

The EIS analysis is applied to further shed light on the phase 
evolution during the alloying/dis-alloying process (Fig. 6c). Before 
the cycle, the impedance of the Bi@N-C-800 electrode is extremely 
large (inset of Fig. 6c), with the discharge process, the impedance 
gradually decreases. Moreover, the strong EDS intensity of Na 
(Figs. 6f and S11a) after fully charged is ascribed to the formations of 
Na3Bi and SEI layer, while its weak intensity (Figs. 6l and S11b) after 
fully discharged is attributed to the SEI films [57]. Notably, elemental 
mapping indicates that the SEI layer is uniform and stable, which 
plays an important role in the structural stability of Bi@N-C-800.

3.4. Potassium storage performance

In view of the excellent SIBs performance of the Bi@N-C-800 
anode, it encouraged us to investigate the K-storage performance of 
the Bi@N-C-800 composite. The potassium storage performance of 
the Bi@N-C-800 anode in the voltage range of 0.01–1.5 V was in-
vestigated. As displayed in CV (Fig. 7a), in the first discharge process 
four peaks were observed, and the three peaks at 0.32/0.43/0.87 V 
were ascribed to the gradual alloying process of Bi and K+ (Bi→KBi2→ 
K3Bi2→K3Bi). The small peak that appeared at 0.95 V corresponded 

Fig. 5. EIS results of (a) Bi@N-C-600, (b) Bi@N-C-800 and (c) Bi@N-C-1000. (d) CV curves and (e) Log i (peak current) vs log υ (scan rate) plots, (f) Capacitive contribution (1 mV s−1) 
and (g) contribution ratios of capacitive and diffusion-controlled capacities of the Bi@N-C-800 electrode. (h) GITT voltage profiles and (f) Corresponding DNa+ values of Bi@N-C- 
600, (b) Bi@N-C-800 and (c) Bi@N-C-1000.
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Fig. 6. In-situ characterization of Bi@N-C-800 electrode. (a) Galvanostatic charge-discharge curve and (b) ex situ XRD patterns and ex situ Nyquist plots at different stages. EDS 
mappings after first fully discharge (d-i) and first fully charge (j-o).

Fig. 7. K-storage behaviors of the Bi@N-C-800 electrode. (a) CV curves and (b) Galvanostatic charge-discharge curves after different cycles. (c) Cycling performance. (d) Rate 
performance. (e) GITT voltage profiles of the first cycle and (f) The corresponding DK+ coefficients.
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to the take-shaping of SEI and disappeared in the following cycles. 
During the charging, three peaks around 0.53/0.64/1.13 V correspond 
to the dis-alloying process (K3Bi→K3Bi2→KBi2→Bi) [58,59]. Fig. 7b 
shows the charge/discharge curves of the Bi@N-C-800 electrode at 
0.1 A g−1 with an initial discharge capacity of about 561 mA h g−1. The 
irreversible initial capacity loss is due to the formation of the SEI film 
and the irreversible occurrence of K+ insertion. There are three 
anodic plateaus at 0.87, 0.43, and 0.32 V and three cathodic plateaus 
centered at 0.52, 0.64, and 1.13 V, which is in good agreement with 
the CV results above. It is worth noting that after the first cycle, 
either the CVs or the charge/discharge curves almost overlap, sug-
gesting excellent electrochemical stability for the Bi@N-C-800.

The Bi@N-C-800 electrode charge-discharge curves of different 
cycles at 1 A g−1 are overlapped, and provides a high reversible ca-
pacity of 240 mA h g−1 after 70 cycles with a high CE of 99% (Figs. S12 
and 7c), demonstrating that the Bi@N-C-800 electrode shows good 
cycling stability. Furthermore, the rate performance of the Bi@N-C- 
800 electrode was measured (Fig. 7d). The Bi@N-C-800 electrode 
delivers considerable charge capacities of 314, 295, 261, 175 and 
125 mA h g−1 at the different current densities (0.1–2 A g−1), respec-
tively. When the current density directly set back to 0.1 A g−1 after 50 
cycles, a reversible capacity of 277 mA h g−1 can be obtained, further 
indicating the excellent structural stability of Bi@N-C-800. Such 
excellent rate capability exceeds that of the reported Bi based anode 
materials (Table S1). In addition, the impedance changes of the Bi@ 
N-C-800 electrode after 1 cycle (80 Ω) and 10 cycles (100 Ω) are not 
obvious, indicating good structural stability (Fig. S13). The kinetics of 
K+ diffusion during the primary charge/discharge of the Bi@N-C-800 
electrode were further explored via the GITT test (Fig. 7e, f). It is 
nearly equal to the Na+ diffusion coefficient, manifesting that the Bi@ 
N-C-800 composite has a good Na/K ion transport capacity.

The Bi@N-C-800 composite as anode material for SIBs and PIBs 
exhibits stable cycling ability and excellent rate performance, which 
is mainly ascribed to the N-doped carbon firmly anchoring the Bi 
nanoparticles. The N-doped carbon is beneficial for preventing Bi 
nanoparticles from agglomerating during repeated charge/discharge 
processes and boosting the electrical conductivity of active material. 
The Bi nanoparticles with nano size shorten the electron/ion trans-
port length and improve the utilization of active material. The merit 
of the unique structure also enhance the capacitive contribution, 
providing higher capacity and faster storage capacity of Na+/K+. The 
N-doped carbon structure prevents Bi aggregation during the cycle, 
leading to excellent rate capability and a long cycle life.

4. Conclusions

In summary, we designed and reported high-capacity Bi@N-C 
composite as anodes for SIBs and PIBs, which are prepared directly 
from ammonia bismuth citrate by a simple and scalable pyrolysis 
method. N-doped carbon increases the electrochemical activity of 
Bi@N-C composite with Na+/K+ and promotes electrolyte percola-
tion, and the nanoscale of Bi particles shortens the ion/electron 
diffusion distance. Therefore, the typical Bi@N-C-800 electrode as an 
anode material for SIBs displays a superior rate capability as high as 
219 mA h g−1 at 5 A g−1, excellent cycling stability, and high capacity 
retention of 99% at 1 A g−1 after 400 cycles. In addition, good rate 
capability (with a very low capacity fading of 0.02% per cycle at 
1 A g−1, for 70 cycles) is also obtained for the Bi@N-C-800 electrode 
as an anode material for PIBs. Such excellent performance is mainly 
due to the properties of the ultra-fine size of the Bi nanoparticles 
and the N-doped porous carbon skeleton, making the Bi@N-C-800 
electrode a great candidate for both SIBs and PIBs. Our study also 
provides a general and facile method to design metal/carbon nano-
composites to construct high performance anode material for so-
dium/potassium ion batteries.
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