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Scheme S1 Schematic diagram of the spray pyrolysis system for the preparation of ZIF-

67/PS/PVP composited precursor microspheres 
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Fig. S1 FE-SEM image of PS nanobeads used to prepare spray solution 

 

Fig. S2 Physical characteristics of the prepared ZIF-67 polyhedrons obtained from the 

solution a without TEA, with b 3 mL TEA, c 6 mL TEA, and d XRD pattern of ZIF-67 

polyhedrons with 6 mL TEA 

 

Fig. S3 TG curves of a polyvinylpyrrolidone (PVP), and b polystyrene (PS) 
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The pores formed by the decomposition of PS nanobeads has both roles on the formation of 

CoSe2 nanorods during the selenization process. Firstly, the pores facilitate the penetration of 

H2Se gas into the structure, promoting uniform selenization, both inside and on the external 

surface. Secondly, the pores also guarantee the enough space between nanorods that prohibits 

the agglomeration of CoSe2 nanorods and allow them to grow. To confirm this reasoning, the 

ZIF-67/PVP microspheres without PS beads is prepared and analyzed the morphological 

changes after selenization at different temperatures, as shown Fig. S4. As observed, the CoSe2 

rods start to form at external surface. As the reaction proceeds, they sintered into non-rod like 

particles due to the absence of pores or enough space between nanorods to prevent 

agglomeration. 

 

 
Fig. S4 FE-SEM images of ZIF-67/PVP composite microspheres without PS nanobeads after 

selenization at different temperatures: a 250 ℃, b 300 ℃, and c 350 ℃ 

 

The presence of PS nanobeads in the composite microspheres and their subsequent 

decomposition guarantees in highly porous 3D microspheres with efficient conversion of 

central Co atom in ZIF-67 to 1D CoSe2 NR during the selenization process due to the effective 

penetration of H2Se gas and guaranteed the enough space between nanorods to prevent 

agglomeration. In this regard, it is highly indispensable to elucidate the effect of PS nanobeads 

on the formation of porous microspheres covered with CoSe2 nanorods. The crystal structure 

and morphological features of the as-sprayed ZIF-67/PVP (i.e., without PS nanobeads 

suspension) composite microspheres prepared under identical conditions are shown in Fig. S5 

along with the detailed synthesis mechanism (Fig. S5a). The FE-SEM image of the ZIF-67/PVP 

composite microsphere (Fig. S5b) also displayed spherical morphology with a mean diameter 

of about 1.0 µm. The lower dimension of the microsphere seems obvious due to the absence of 

PS nanobeads. The as-sprayed composite microspheres were further subjected to selenization 

process, and the morphology of resulted microspheres is presented in Fig. S5c. The FE-SEM 

image clearly indicates highly aggregated non-rod like particles due to insufficient space 

between nanorods, which covered the microsphere (mean diameter ~0.8 µm) surface suggesting 

incomplete directional recrystallization process in the non-porous structure. Besides, the XRD 

pattern in Fig. S5d indicates sharp diffraction peaks that could be assigned to o-CoSe2 crystal 

structure. 
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Fig. S5 a Schematic representation of formation mechanism of the CoSe2/C composite 

microspheres, b FE-SEM images of the ZIF-67/PVP composite microspheres prepared without 

PS nanobeads, c FE-SEM images of the CoSe2/C composite microspheres obtained after 

selenization at 350 ℃, and d XRD pattern of the CoSe2/C composite microspheres 

Table S1 Inductively coupled plasma-optical emission spectrometer (ICP-OES) results for P-

CoSe2@NGC NR microspheres 

Sample Cobalt (wt%) Selenium (wt%) 

P-CoSe2@NGC NR 20.4 57.6 

 

 

 

Fig. S6 Raman spectrum of the P-CoSe2@NGC NR microspheres 
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Fig. S7 The molecular structure of polydopamine (PDA) 

 

 

Table S2 Elemental analysis (EA) of the P-CoSe2@NGC NR microspheres and P-

CoSe2@PDA-C NR microspheres 

Sample Carbon (wt%) Nitrogen (wt%) 

P-CoSe2@NGC NR 16 2 

P-CoSe2@PDA-C NR 33 4 
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Fig. S8 a, b N2 adsorption-desorption isotherms, c,d BJH desorption pore-size distributions 

and e, f TG curves of samples: a, c, e P-CoSe2@PDA-C NR and b, d, f P-CoSe2@NGC NR 

microspheres 
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Fig. S9 a-c FE-SEM images, and d XRD pattern of the bare Co3O4 hollow microspheres 

obtained after spray pyrolysis in an air atmosphere at 400 ℃ 

 

 

Fig. S10 a-c FE-SEM images, d TG curve, e XRD pattern, f N2 adsorption-desorption isotherms, 

and g BJH desorption pore-size distributions of the bare CoSe2 hollow microspheres 

http://springer.com/40820


Nano-Micro Letters 
 

 

S8/S14 

 

Fig. S11 Cyclic voltammogram (CV) curves of a the P-CoSe2@NGC NR microspheres and b 

bare CoSe2 hollow microspheres 

 

Fig. S12 Initial charge/discharge curves of the bare CoSe2 hollow microspheres at a current 

density of 0.1 A g-1 

 

Fig. S13 Initial discharge/charge curves at a current density of 0.5 A g-1 
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Fig. S14 Cycling performance of the P-CoSe2@PDA-C NR microspheres with different mass 

loading of active material at a current density of 0.5 A g-1 

 

 

 

Fig. S15 a-c HR-TEM images and d cycling performance of P-CoSe2@PDA-C NR 

microspheres synthesized with different amounts of dopamine hydrochloride at a current 

density of 0.5 A g-1: a 5 mg, b 10mg, c 50mg 
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Table S3 Electrochemical performance comparison of P-CoSe2@PDA-C NR microspheres 

prepared in this study with other cobalt selenides as anodes reported previously 

Materials 

Current 

Density  

[A g-1] 

Initial 

Cdis/Ccha  

[mA h g-1] 

/ICE [%] 

Cycle No./ 

Discharge 

Capacity 

[mA h g-1] 

Capacity 

Retention 

[%] 

Average 

Discharge 

Potential 

[V] 

Mass 

Loading 

[mg cm-2] 

Refs. 

P-CoSe2@PDA-C NR 
0.5 

2.0 

640/308/48 

515/287/56 

1,000/291 

5,000/142 

92 

75* 
0.9 1.0 

In 

this 

work 

CoSe2@N-doped 

C@TiO2 nanoparticle 
0.2 645/488/76 200/374 78 - 0.88 [S1] 

CoSex-rGO composite 

powder 
0.3 656/459/70 50/420 80 - 1.2 [S2] 

CoSe2@N-doped 

porous graphitic 

carbon/CNT 

composite 

0.2 601/454/76 100/424 - - 1.2 [S3] 

CoSe2@N-doped 

carbon ramework/CNT 

composite 

1.0 713/531/74 100/499 92 - 2.0 [S4]  

CoSe2@N-doped 

carbon nanorod/CNT 

porous composite 

microsphere 

0.2 926/609/66 100/555 85 - 1.3 [S5] 

Bone-like CoSe2 nano-

thorn coated on porous 

carbon cloth 

0.1 
1260/553 

/44 
180/361 74 - 0.5 [S6] 

Cu-doped CoSe2 

microbox 
1.0 - 500/365 94 - - [S7] 

Necklace like-

CNT/CoSe2@ N-

doped carbon 

composite particle 

0.2 686/462/67 120/404 80 - 1.2 [S8] 

CoSe2@N-doped 

carbon matrix 
1.0 - 500/282 - - - [S9] 

“* : Measured after stabilization (150 cycles)” 

Note: It should be noted that all the references in the comparision table are based on carbonate-

based elctrolyte system. 
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Fig. S16 Physical and electrochemical characterizations of PDA derived conductive C/NGC 

microspheres obtained from etched P-CoSe2@PDA-C NR microspheres using hydrochloric 

acid: a FE-SEM image, b cyclic voltammetry curves at 0.1 mV s-1, c initial discharge/charge 

profile, d cycling performance at 0.5 A g-1, and e cycling performance at 2.0 A g-1 

 

Fig. S17 Electrochemical reaction dynamics analysis of a and b the P-CoSe2@NGC NR 

microspheres and c and d bare CoSe2 hollow microspheres: a and c CV curves obtained at 

various scan rates, b and d current response (i) vs. scan rate (n) at each redox peak 
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Fig. S18 Equivalent circuit model used for AC impedance fitting: a before cycling, and b after 

cycling, Rct = charge-transfer resistance, Re = electrolyte resistance, Rf = SEI layer resistance, 

Q1 = dielectric relaxation capacitance, Q2 = associated double layer capacitance 

Table S4 EIS fitted parameters for each Na-ion cells utilizing three samples as anode 

materials before cycle, after 5th, and after 300th cycle at 0.5 A g-1 

Sample 

Fresh cell After 5th cycle After 300th cycle 

Re 

(Ω) 

Rct 

(Ω) 
Q 

Re 

(Ω) 

Rf 

(Ω) 
Q1 

Rct 

(Ω) 
Q2 

Re 

(Ω) 

Rf 

(Ω) 
Q1 

Rct 

(Ω) 
Q2 

P-

CoSe2@P

DA-C NR 

30 362 0.71 27 11 0.73 81 0.66 25 29 0.62 76 0.69 

P-

CoSe2@N

GC NR 

30 755 0.58 28 16 0.54 88 0.61 26 51 0.64 152 0.73 

Bare 

CoSe2 
35 1463 0.66 33 18 0.61 83 0.63 28 73 0.68 168 0.79 

 

 
Fig. S19 Relationship between the real part of the impedance (Zre) and ω-1/2 of the P-

CoSe2@PDA-C NR, P-CoSe2@NGC NR, and bare CoSe2 hollow microspheres obtained after 

300th cycles at 0.5 A g-1 
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The XPS analysis for the cycled electrode (P-CoSe2@PDA-C NR microspheres after 300 

cycles) is performed to confirm the presence of SEI layer, as shown below. As observed, the 

XPS survey spectrum shown in Fig. S20a not only exhibits Co 2p, Se 3d, C 1s, and N 1s signals 

but also display photoelectron signal attributed to Na 1s at a binding energy of 1071.6 eV [S10, 

S11]. The presence of high intense Na 1s peak strongly indicates the existence of Na2CO3 that 

formed due to electrolyte decomposition and subsequent formation of solid electrolyte interface, 

as reported previously (Fig. S20b) [S10, S11]. Likewise, the deconvoluted C 1s spectrum (Fig. 

S20c) also indicates the presence of various bonds that corresponds to different species usually 

present in SEI [S12-S14]. Based on the above observations, the authors believed that the SEI 

was formed in the cycled electrodes. 

 

Fig. S20 XPS survey spectrum, and core-level XPS spectra: a XPS survey spectrum, b Na 1s, 

and c C 1s of the P-CoSe2@PDA-C NR microspheres obtained after 300th cycles at 0.5 A g-1 
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