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Preparation of a Novel g-C,N,/Sn/N-doped Carbon Composite for
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Abstract  Sodium-ion batteries (SIBs) based on Sn-based anodes have attracted increasing attention due to
their high theoretical capacity (847 mA-h/g) , high electrical conductivity and suitable operation potential. Un-
fortunately, the huge structural change upon cycling often causes particle pulverization and rapid capacity de-
cay. In this work, ultrafine Sn nanoparticles with dual protection from graphitic carbon nitride (g-C;N,) and
polydopamine derived N-doped carbon (g-C,N,/Sn/NC) were successfully fabricated through a designed strate-

gy. Generally, the introduction of g-C;N, and NC can dramatically accelerate the transport of electrons/ions as
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well as the reaction dynamics, thus contributing to the alloying reaction between Sn and Na®. Importantly, the
ultrafine Sn as well as the dual buffering matrices can efficiently maintain the integrity of electrode upon cy-
cling, guaranteeing the superior electrochemical performance. Benefitting from the structural advantages inhe-
rited from the ultrafine Sn nanoparticles and dual protection scaffolds, the as-obtained g-C,N,/Sn/NC displays
excellent sodium storage performances, with high reversible capacity (450.7 mA-h/g at 0.5 A/g after 100
cycles) , remarkable rate capability (388.3 mA+h/g at 1.0 A/g) and stable long-term cycling stability (363.3
mA -h/g after 400 cycles at 1.0 A/g).

Keywords g-C;N,; Sn nanoparticles; N-Doped carbon; Sodium-storage anode ; Sodium-ion battery

1 Introduction

In order to mitigate the energy crisis and restrain environmental pollution, energy storage devices featu-
ring high energy density, high working potential and excellent cyclability are desired. Sodium-ion batteries
(SIBs) , which has been considered as the most promising alternative to the market-dominated lithium-ion
batteries (LIBs) , have gained renewed interest due to their low-cost and high-abundance. In principle, the

[1—3]

electrode material employed plays a significant role on the battery performance . Compared with Li", the
larger radius of Na' results in sluggish diffusion and reaction dynamics, which is unfavorable for the develop-
ment of SIBs**. To meet the requirements for the next-generation rechargeable batteries, exploring novel
electrode materials with high electrochemical activity and high structural stability becomes necessary'®.

Among all the available anode materials, the interest on metallic Sn-based compounds to fabricate high-
performance SIBs has grown owing to their high availability, good electrical conductivity and high theoretical
capacities. However, the alloying process from Sn to Na,Sn, accompanies with a huge volume change of
520%, then resulting in pulverization of active materials and even loss of contact between electrode and cur-
rent collector, which causes rapid capacity decay in the subsequent cycling”. Generally, nanostructure engi-
neering has been proved to be an efficient approach to address the issues of Sn-based anodes. On one hand,
the nanoscaled Sn can alleviate the stress induced from sodiation/desodiation by itself, ensuring structure sta-
bility. On the other hand, ultrafine Sn nanoparticles can shorten the diffusion length of Na*, accelerating the
charge transfer, which then contributes to improving the battery performance®*’. However, absent of carbona-
ceous scaffolds often leads to the aggregation of Sn nanoparticles upon cycling due to their large surface ten-
sion, showing poor electrochemical performance.

To avoid the aggregation of Sn nanoparticles and further improve the electrical conductivity and buffering
ability of Sn-based electrodes, the introduction of carbonaceous agents is often adopted in previous

studies ™

. In the designed structure containing ultrafine Sn nanoparticles and carbonaceous scaffold, the
stress generated from the alloying reaction can be significantly alleviated, and meanwhile ensure the good dis-
persion of Sn nanoparticles in the scaffold. Besides, both the electrical conductivity and buffering ability of
the composite are improved, hence contributing to the transportation of electrons/ions and integrity of elec-
trode. As known, carbonaceous agents with nitrogen doping can remarkably modify the electronic structure

[14—18]

and distribution of charge density, greatly increasing their electrochemical activity . Recently, graphitic
carbon nitride (g-C,N,) , planar sheets of sp> hybridized carbon and nitrogen atoms, has attracted considerable
attention in fields of photoelectrocatalysis and energy storage/conversion due to its layered structure, high ni-
19—21

trogen content, low cost and high availability'*". Generally, layered g-C,N, can be produced easily through
thermal decomposition of urea, providing a scalable and convenient preparation approach. Besides, on

account of its large surface area and superior chemical stability, previous studies have proved the feasibility
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and efficiency of improving the electrochemical performances of active material after the introduction of
g-C,N,”> ! However, g-C,N, can only provide a robust support and short-range electron channels for indivi-
dual nanoparticles in those studies, and the improvement on electrochemical performances is insufficient. In
contrast, fabricating dual carbon-protected architecture, combining the advantages of short-range transporta-
tion pathways for electron and long-range conductive network, can offer convenient pathways for the charge
transfer, thereby accelerating the diffusion and reaction kinetics.

Based on the considerations mentioned above, the rational combination of ultrafine Sn nanoparticles,
g-C;N, and conductive layer is desirable. In this work, we developed a facile strategy to prepare the target ma-
terial with ultrafine Sn nanoparticles embedded in the g-C;N, and polydopamine derived N-doped carbon
(g-C,N,/Sn/NC). Such sandwich-like structure shortens the diffusion length of Na*, accelerates the transport
of electrons, maintains the integrity of electrode, and guarantees the high sodium storage activity of hybrid
electrode. As a result, the obtained g-C;N,/Sn/NC demonstrated excellent sodium storage performances when
eva-luated as anode material for SIBs. More importantly, the introduction of g-C,N, and NC offers a feasible

approach to obtain Sn-based anode with high performance.

2 Experimental

2.1 Apparatuses and Characterizations

Transmission electron microscopy (TEM, Tecnai 12, Philips, Netherlands) , high-resolution transmis-
sion electron microscopy (HRTEM, Tecni G2F30 S-TWIN, Thermo Fisher Scientific, America), X-ray dif-
fraction(XRD, Bruker-D8 ADVANCE, Bruker AXS, Germany), X-ray photoelectron spectroscopy (XPS, ES-
CALAB 250 XI, America, Thermo Scientific) , in via confocal Raman Spectroscopy (RENISHAW, DXRxi,
Thermo Fisher Scientific, America) and thermal gravimetric (TG, in air with a heating rate of 5 °C/min, Pyris
1 TGA, PerkinElmer, America) analyses were employed to conduct the material characterizations, cyclic
voltammetry (CV) was performed on an Electrochemical workstation (CHI 660D, Chenhua, Shanghai) at rate
of 0.1 mV/s, the electrochemical impedance spectra (EIS) tests were conducted in a frequency range of
0.1 Hz—100 kHz by setting ac amplitude at 5 mV and applied bias voltage at the open circuit voltage of the
cells, respectively.

2.2 Material Syntheses
2.2.1 Preparation and Hydroxylation of g-C;N,

Typically, the pristine g-C;N, was prepared through a facile thermal decomposition of urea at 550 °C for
2 h with a heating rate of 3 “C/min in a muffle furnace. As for the hydroxylation process, 0.5 g g-C,N,and 50
mL deionized water were transferred into a 100 mL autoclave and kept at 120 °C for 8 h, then the products
were collected and washed with deionized water for several times and dried at 60 °C for 12h.

2.2.2  Preparation of g-C;N,/Sn0,

1.0 g SnCl,*5H,0 and 100 mg hydroxylated g-C,N, were dispersed in 50 ml. deionized water under stir-
ring for 2 h, then the mixture was transferred into a 100 mL autoclave and kept at 120 °C for 28 h. The white
product was collected through centrifugation and washed with deionized water for several times, then dried at
60 °C overnight. Besides, pure Sn0O, was also synthesized through the same procedure without the addition of
hydroxylated g-C;N,.

2.2.3  Preparation of g-C;N,/Sn/NC

The obtained 0. 1 g g-C,N,/Sn0O, was dispersed into 100 mL of Tri-buffer solution with stirring for 30 min,

then 0.2 g dopamine hydrochloride (PDA) was added into the above solution and the mixture was further

stirred for another 30 min. The resultant precipitates were collected through centrifugation and washed with
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deionized water for several times, and then dried overnight. The desired g-C;N,/Sn/NC was obtained through
annealing the g-C,N,/SnO,/PDA at 600 °C for 2 h under flowing Ar/H,(95:5, volume ratio). Moreover, pure
Sn was prepared through annealing SnO, at 600 °C for 2 h under flowing Ar/H,.
2.3 Electrochemical Tests

To prepare the working electrode, the active material was mixed with acetylene black and carboxymethyl
cellulose in deionized water with a mass ratio of 7:2: 1. The mass loading of active materials is about 1.0
mg/cm’, and the specific capacity of the electrode is calculated based on the mass of the composite. The uni-
form slurry was then coated on a clean copper foil and dried at 100 “C for 12 h. The CR-2032 coin-type cells
was assembled in an argon-filled glovebox with both water and oxygen contents less than 0. 1 ppm. Sodium foil
was used as both counter and reference electrode, and Whatman glass fiber was used as separator. The electro-
lyte employed was 1 mol/L. NaPF, in diethylene glycol dimethylether. The sodium storage performances were
tested by galvanostatic discharge/charge on NEWARE battery test system.

3 Results and Discussion

Scheme 1 typically illustrates the fabrication of desired g-C;N,/Sn/NC from pristine g-C,;N, through surface
hydroxylation, in - situ growth of SnO,, PDA coating, and finally thermal reduction. Firstly, the pristine
g-C;N, was obtained through a facile thermal decomposition of urea. Then surface hydroxylation of g-C,N, was
conducted to promote the in-situ growth of SnO, in the subsequent process. To further increase the electrical
conductivity of the hybrid electrode and avoid the loss of Sn during the next reduction step, the g-C;N,/Sn0O,
was further coated by PDA. Finally, after a thermal reduction performed in Ar/H,(95:5), the SnO, nanoparti-
cles were reduced to Sn, and the PDA layers were simultaneously converted to NC. In the obtained sandwich-
like structure, ultrafine Sn nanoparticles embedded in the g-C;N, and NC matrices, greatly mitigating the
structural change upon cycling and ensuring high sodium storage activity of the hybrid electrode, and superior

sodium storage performances can be expected.

Scheme 1 Illustration of the preparation process of g-C,N,/Sn/NC

To detect the crystal structure of the as-prepared samples, XRD tests were performed, and the results are
shown in Fig.1(A). As seen, two characteristic peaks at around 12. 86° and 27. 67°, corresponding to (002)

25,26

and (100) planes of g-C,N,, respectively, can be clearly observed for g-C,N,'. After the in-situ growth of
Sn0O, on the surface of g-C;N,, typical peaks at around 26. 77°, 33. 90°, 51. 83° and 65. 34° can be ascribed to
(110),(101), (211) and(301) planes of Sn0,, respectively ™. After further PDA coating and thermal re-
duction, the detected peaks for the g-C;N,/Sn/NC can be well indexed to tetragonal Sn, thus demonstrating the

successfully conversion from Sn0O, to Sn. Notably, the characteristic peaks ascribed to g-C,N, can hardly be
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observed in the XRD patterns of g-C,N,/Sn0O, and g-C,N,/Sn/NC, which mainly results from the low contents of
g-C,N,in the composites. From the XPS spectrum of g-C,N,/Sn/NC[Fig.1(B) ], elemental signals of C, N, Sn
and O are presented, thereby revealing their co-existence, and the appearance of O signal should be assigned
to the exposure to air. To confirm the generated NC, Raman measurement was conducted [ Fig.1(C) ], which
displays two bands at around 1327 and 1587 ¢m™', resulting from the defect induced D band and graphitic car-
bon related G band, respectively. Additionally, the intensity ratio of D band to G band is calculated to be
0.91, hence showing a certain degree of graphitization, which can improve the electrical conductivity of the
hybrid electrode™. Moreover, the content of Sn was determined through TG analysis in air[ Fig.1(D) ]. Nota-
bly, the mass loss before 530 °C can be assigned to the consumption of carbonaceous agents in the composite,,
and the increase of mass afterwards should be attributed to the oxidation of Sn with the generation of SnO,.

213 Particularly, the mass fraction of Sn in the obtained

And similar results can be found in related studies’
composite is calculated to be 86% based on the 109. 2% of the original mass maintained after the TG test.

Such high content of Sn is believed to provide high capacity for the hybrid electrode.

Fig. 1 Physical characterization of g-C,N,/Sn/NC

(A) XRD patterns of g-C,N,, g-C;N/Sn0, and g-C,N/SwNC; (B) XPS spectrum of g-C;N/Sn/NC; (C) Raman spectrum of

g-CN/S/NC; (D) TG curve of g-C,N,/Sn/NC.

Fig.2 (A) illustrates the Sn,, XPS spectrum of g-C,N,/Sn/NC, where two peaks at around 486.9 and
495.2 eV can be detected, which correspond to Sn,, , and Sn,, , respectively, combining the two distinct
satellite peaks (484. 7 and 493. 2 eV ), further confirming the formation of metallic Sn in the composite™. As
shown in Fig.2 (B) , four peaks at around 288. 4 eV (C—C/C=C), 286.0 eV (C—N), 284.9 eV (C—0/
C—0—C) and 284. 1 eV (0—C=0) can be detected in the C, spectrum”". In the N, spectrum|Fig.2(C) ],
three peaks are observed at around 398. 4, 400. 5 and 406. 5 eV, which are ascribed to pyrrolic N, pyridinic
N and graphitic N, respectively. The N coordination structure is obviously different from the N, spectrum of
pristine C,N, [Fig.2 (D) ], which could be attributed to the N doping in the carbon skeleton ™ . These
characterization results comprehensively reveal the rational hybridization of g-C,N,, ultrafine Sn nanoparticles
and NC, further confirming the feasibility of this combined approach of in-situ growth and subsequent thermal

reduction.
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Fig.2 XPS spectra of g-C,N,/Sn/NC and g-C,N,
(A—C) High-resolution Sny(A), C,(B) and N, (C) spectra of g-C;N,/Sn/NC; (D) high-resolution N, spectra of g-C;N,.
The morphologies and micro-structures of as-prepared samples were characterized by TEM. As shown in
Fig.3(A) and (B), g-C,N, prepared through the thermal decomposition of urea displays layered structure,
thus providing a robust scaffold for the subsequent growth of SnO,. Notably, ultrafine SnO, nanoparticles deco-

rated on layered g-C,N, can be clearly observed in Fig.3(C) and (D), demonstrating the successful in-situ

Fig.3 TEM images of g-C,N,/Sn/NC, g-C,N,/Sn and g-C,N,
(A, B) TEM images of g-C;N,; (C, D) TEM images of g-C,N,/Sn0O,; (E—G) HRTEM images of g-C,N,/Sn/NC; (H, I) SEAD pattern(H)
and elemental mapping(I) of g-C;N,/Sn/NC.
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growth. After further PDA coating and thermal reduction, the layered morphology maintains well. The dual-
protected structure with Sn nanoparticles embedded in the matrices of g-C;N, and NC is formed, and no aggre-
gation can be found, thus revealing the good dispersion of Sn nanoparticles [ Fig.3(E) and (F) ]. Additional-
ly, Fig.3(G) illustrates the HRTEM image of g-C,N,/Sn/NC, and the calculated inter-plane distance is 0. 29
nm, corresponding to the (200) crystal plane of Sn. As for the selected area electron diffraction (SAED) pat-
tern, the clear diffraction rings are assigned to the polycrystalline nature of Sn[Fig.3(H) ]. Moreover, the co-
existence and dispersion of C, N and Sn in the g-C,N,/Sn/NC composite is also confirmed by elemental map-
ping[ Fig.3(I) |, in consistent with its XPS results.

The sodium storage performances of as-synthesized samples were tested by half cells. The discharge/
charge profiles of g-C,N,/Sn/NC in Fig.4(A) shows obvious voltage plateaus, which can be ascribed to the step-
wise sodiation/desodiation of the composite. The curves are almost unchanged after 100 cycles, manifesting
the stable electrode structure of g-C,N,/Sn/NC. Fig.4(B) displays the comparison of cycling between g-C,N,/Sn/
NC and Sn at the current density of 0.5 A/g, and the corresponding Coulombic efficiencies are shown in
Fig.4 (C). Benefitting from the dual-protection of g-C,N, and NC as well as the synergistic effect between
them, the as-obtained g-C;N,/Sn/NC exhibits a better cycling performance than pure Sn, with both higher spe-
cific capacity and higher cycling stability. Specifically, reversible capacity of 450. 7 mA +h/g can be received
after 100 cycles for g-C;N,/Sn/NC electrode. In contrast, the capacity of pure Sn electrode decreases sharply
during cycling, further highlighting the necessary of introduction of flexible matrix to active material with large

volume change.

Fig. 4 Electrochemical performances of g-C,N,/Sn/NC at 0. 5 A/g
(A) Discharge/charge profiles of g-C;N/Sn/NC at 0.5 Alg; (B) cycling performances of g-CN/Sn/NC and Sn at 0.5 Alg;
(C) coulombic efficiency of g-C;N/Sw/NC and pure Sn electrodes at 0. 5 Alg.
Fig.5(A) displays the CV curves of g-C,N,/Sn/NC electrode in the voltage range of 0. 001—1.5 V at the
scan rate of 0. 1 mV/s. As illustrated, the cathodic peak at around 0. 8 V appears in the first cathodic scan,
which disappears in the following scans, can be denoted as the initial alloying reaction between Na® and Sn,

[35]

the decomposition of electrolyte and generation of solid electrolyte interface (SEI) layers™ . As for the initial

anodic scan, the detected anodic peaks at around 0. 23, 0. 54 and 0. 66 V should be assigned to the deallo-
ying process, demonstrating that the dealloying process is a multi-step process ™. Due to the activation of elec-
trode and structure change after the initial cycle, both the cathodic and anodic peaks changes, which is a com-
mon phenomenon for electrode upon sodium storage. Notably, the CV curves overlap each other very well in
the subsequent cycles, thus showing high reversibility of the hybrid electrode. To get more information on the
charge storage kinetics of g-C,N,/Sn/NC and Sn electrodes, EIS measurements were performed, and the results
are shown in Fig.5(B). Notably, after 50 cycles at 0. 5 A/g, the semicircle of g-C;N,/Sn/NC electrode in the
medium frequency, which is related with the charge transfer resistance (R,) , is smaller than that of pure Sn

electrode. This confirms the fast charge transfer kinetics in the g-C;N,/Sn/NC electrode, which could be the

reason for the decreased polarization of the composite electrodes upon cycling. Moreover, the g-C,N,/Sn/NC
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electrode also exhibits satisfied long-term cycling performance. As displayed in Fig.5(C), reversible capacity
of 363. 3 mA -h/g is remained after 400 cycles at the current density of 1.0 A/g. On the contrary, both the
pure Sn and g-C;N,/Sn electrode display deteriorated cycling and lower specific capacity, resulting from their
poor electrical conductivity and large volume change upon cycling. In principle, the excellent sodium storage
performance of g-C;N,/Sn/NC should be attributed to its structural advantages obtained from the ultrafine Sn
nanoparticles and the dual protection, improving the transportation of electrons/ions and reaction dynamics,

which contributes to the increase of sodium storage performance.

Fig.5 CV curves of g-C,N,/Sn/NC at the scan rate of 0. 1 mV/s in the voltage range of 0. 001—1. 5 V(A) and
comparison of electrochemical properties of g-C,N,/Sn/NC and others(B, C)

(B) Nyquist plots of g-C;N,/Sn/NC and Sn after 50 cycles at 0. 5 A /g (the inset is the equivalent circuit model) ; (C) long-term

eycling performance of g-C;N/Sw/NC., g-C;N/Sn and Sn at 1.0 A /g.

Fig.6 (A) presents the rate capability g-C,N,/Sn/NC and pure Sn anode. The as-prepared g-C,N,/Sn/NC
electrode can display average capacities of 492. 9, 455.2, 429.9, 388. 3 and 174. 4 mA +h/g at current densi-
ties of 0.1, 0.2, 0.5, 1.0 and 2.0 A/g, respectively. By contrast, the capacity delivered by pure Sn elec-
trode can be neglected at rates of 1. 0 and 2. 0 A/g, resulting from gradual degraded inner structure and pulve-
rization of Sn nanoparticles upon sodiation/desodiation process. In addition, the rate profiles shown in
Fig.6(B) and (C) further highlight the difference of g-C,N,/Sn/NC and Sn on rate tests. The degraded rate pro-
files of pure Sn electrode should be ascribed to the pulverization of active material and even loss of electrical
contact with the current collector, owing to the large volume expansion of pure Sn electrodes during cycling.
As for the g-C;N,/Sn/NC electrode, the improved rate capability originates from the dual protection of g-C;N,
and NC. As seen, the voltage plateaus of g-C;N,/Sn/NC are maintained well, while those for pure Sn electrode

degrade severely.

Fig. 6 Rate performance and profiles of g-C,N,/Sn/NC and pure Sn electrodes
(A) Rate performance of g-C;N,/Sn/NC and Sn; (B) rate profiles of Sn; (C) rate profiles of g-C;N,/Sn/NC.
As known, fabricating high conductive pathways for electrons/ions and flexible matrices can greatly de-
crease the polarization of electrode and mitigate the change of electrode structure, thus contributing to stable
sodium storage performance. Scheme 2 schematically illustrates the origin of the excellent sodium storage per-

formance of g-C,N,/Sn/NC electrode. As shown, the lack of conductive pathways among Sn particles leads to
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the poor rate and cycling performance. The introduction of conductive support can indeed increase the conduc-
tivity of the hybrid electrode, and meanwhile guarantee the good dispersion of active materials. However, only
short-range and in-plane conductivity are enhanced in this structure, and pulverization of Sn nanoparticles is
inevitable due to the insufficient protection. After further coated with NC, the sandwich-like structure can
offer both in-plane and out-plane as well as long-range conductivity, significantly increasing the charge trans-
fer. Besides, the dual-protection from the g-C;N, and NC ensures integrity of the electrode, efficiently allevia-
ting the volume change of Sn upon electrochemical cycling, and high sodium storage activity can be guaran-

teed.

Scheme 2 Illustration of the improvement on sodium storage performance of g-C,N,/Sn/NC electrode

4 Conclusions

In summary, a novel g-C,N,/Sn/NC composite was obtained through a combined synthetic approach
including in-situ growth, PDA coating and thermal reduction. The physical characterizations demonstrated the
sandwich-like structure as well as good dispersion of Sn nanoparticles in the dual-protection matrices. As a
result, the novel g-C,N,/Sn/NC hybrid delivered high reversible capacities of 450.7 and 363.3 mA-h/g at
current densities of 0.5 A/gafter 100 cycles and 1.0 A/g after 400 cycles, respectively, when evaluated as
anode material for SIBs. The superior sodium storage performance should be mainly attributed to the synergis-
tic effects between Sn nanoparticles, g-C,N, and NC, where g-C,N,layers offer in-situ growth sites for the good
dispersion of Sn nanoparticles, and meanwhile the NC can guarantee high conductivity and integrity of elec-
trode. Additionally, this study provides an efficient strategy to fabricate alloy-based electrodes for high-perfor-

mance SIBs.

This work is supported by the National Natural Science Foundation of China(No. 21375116) and the Pri-

ority Academic Program Development of Jiangsu Higher Education Institutions, China.
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