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Abstract 

A series of zeolite-templated carbon (ZTC) with the particl    z   f 1μ , 70  ,     10   h    

been prepared. The external surface area and diffusion path of Na
+
 inside the ZTC was varied by 

controlling the size of the zeolite crystals used as templates. The three ZTC samples have been 

used to store sodium cations (Na
+
) for the purpose of sodium-ion batteries (SIB). It was found that 

the ZTC with a particle size of 10 nm exhibited the highest first discharge capacity of 

2116mAh·g-1
 at a current density of 0.1mA·g-1

 due to the highest external surface area and more 

complete filling of the internal pore volume of the ZTC. While the ZTC with 70nm particle size 

showed better reversible capacity of 180mAh·g-1
 at a current density of 0.1mA·g-1

, and the 10nm 

size ZTC caused more electrolyte decomposition reaction and more solid electrolyte interphase 

(SEI) layer on the external surface of the crystals, resulting in a low first coulombic efficiency and 

poor Na
+
 extraction. 
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1. Introduction 

Due to the abundance of sodium in the earth's crust and the similarity of their energy storage 

systems to Lithium-ion batteries (LIBs), sodium-ion batteries (SIBs) have drawn a lot of attention 

as the next-generation energy storage technology
1
. However, owing to the large ionic diameter of 

Na
+
 (1.02Å) compare to Li

+
 (0.76Å), the massive volume expansion for accommodating Na

+
 has 

posed serious challenges to the stability of the anode material
2
. Additionally, the electrochemical 

kinetics of SIBs are also slowed by the large ion diameter of Na
+
, which results in poor cycle 

performance and low capacity. Thus shortening the sodium ion diffusion path to increase its 

storage rate, along with constructing a stable and sufficient space to accommodate the sodium ion 

expansion are the main directions for designing high-performance SIB anode materials
3
. 

Due to their electrical conductivity, chemical stability, accessibility, and sustainability, carbon 

materials have been exploited as the anode in SIBs. Graphite, the most stable allotrope of carbon, 

is capable to provide a theoretical capacity of 372 mAh·g-1
 for lithium ions due to the large layer 

spacing of 3.35 Å. However, the same space can only provide a theoretical capacity of 35 mAh·g-1
 

for sodium ions
4
. Also, the rate performance is low caused by the larger ionic size and slower 

kinetics of sodium ions
5
. In order to maximize their Na

+
 storage capability and efficiency, 

researchers have looked into the storage of sodium in carbon materials with various pore 

configurations to facilitate the accessibility of Na
+
 to void structures such as core-shell structure

6
, 

nanosheets
7
, microtube

8
, nanofiber

9
, and porous carbon framework

10, 11
. These examples 

demonstrate that constructing cavities to accommodate the volume expansion of sodium ions and 

increasing the external surface area of the material to facilitate the contact of sodium ions with the 

carbon material is a better way to store Na
+
. Recently, the storage behavior of Na

+
 in nanoporous 

attracted considerable interest and it is believed that this could result in hard carbon anodes with 

prolonged low-potential plateaus and high capacity
12, 13

.  

Zeolite templated carbon (ZTC) is obtained by calcining carbon-containing precursors in the 

zeolite channels, the carbon replica of the zeolite channel structure is obtained under high 

temperature treatment conditions. It has been reported that the abundant and uniform porous of 

ZTC are crucial for storing small molecules such as CO2
14

, H2
15

, even Li
+16

 and electron
17

. In our 

previous work
18

, the ZTC was used as anode materials of SIB and offered a first discharge 

capacity of up to 1714 mAh g
-1

 at a current density of 0.1 A·g-1
. The results suggested that sodium 

ions can be successfully stored inside the ZTC. Unfortunately, some Na
+
 were trapped in the ZTC 

and unable to be released, leading to a significant capacity loss.  

To investigate the storage behavior of Na
+
 in ZTC and to further enhance the utilization of 

Na
+
, we reduced the size of the ZTC in order to facilitate the diffusion of Na

+
 into the interior 

space of ZTC. Three ZTC samples with diameters of 1µm, 70 nm, and 10 nm were synthesized 

and evaluated as SiB anodes at various current densities. The contribution of different place in 

ZTC to Na
+
 storage capacity was evaluated, and the impact of their particle size on the capacity 

was assessed. The results demonstrated that the nanoporous played a major role in the initial 

storage of Na
+
, and by reducing the particle size of the ZTC, a higher amount of Na

+
 was stored 

but this also caused a significant capacity loss by enhancing the formation of the SEI layer.  

Experimental 
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1.1 Preparation of FAU zeolite crystals with particle size of 1 μm, 70 nm, and 10 nm. 

The FAU zeolites with different particle sizes were prepared following the procedure published by 

Mintova
12

. In a typical synthesis, a clear suspension with the molar ratio of 8 Na2O: 0.7 Al2O3: 10 

SiO2: 160 H2O (70 nm-FAU) or 9 Na2O: 0.7 Al2O3: 10 SiO2: 160 H2O (10 nm-FAU) was aged at 

ambient conditions for 24 h, and then crystallized at 120 °C for 70 min or 50 °C for 45 h, 

   p c    ly. Th  1 μ  FA  z  l    w   p  p     f       u p       w  h     l          f 8   2O: 

1 Al2O3: 10 SiO2: 400 H2O; the suspension was aged at ambient conditions for 24h and then 

subjected to crystallization at 100°C for 12h. The powder obtained after crystallization was 

labeled as X-FA  (X=1μm, 70nm, and 10nm corresponding to the particle size of FAU zeolite 

crystals). The crystalline suspensions were filtered to collect the FAU zeolite crystals and then 

washed with deionized water and dried before use. 

1.2 Preparation of FAU-ZTC with particle sizes of 1 μm, 70 nm, and 10 nm. 

A vapor impregnation method described elsewhere
18

 was used to prepare the FAU-ZTC with 

various particle sizes. In a typical synthesis, 5 g zeolite (the template) was placed in a vertical 

glass tube lined with quartz wool, and a stream of furfuryl alcohol (FA) vapor was produced under 

vacuum and flowed through the zeolite layer. After 1h, the zeolite template was saturated with the 

FA, and then the atmospheric pressure was restored and the zeolite was left to continue absorbing 

FA at ambient temperature for 24 hours. The zeolite samples loaded with FA were then washed 

with mesitylene to remove the excess of FA adsorbed on the external surface. The excess 

mesitylene was then removed by heating at 80°C for 12 hours. Then the FA-loaded FAU zeolite 

samples were heated at 150°C for 8 hours in nitrogen to pre-polymerize the FA. The 

pre-polymerized samples were then heated at 900°C for 4h with a heating rate of 5°C/min under a 

nitrogen atmosphere. Finally, the zeolite template was removed from the ZTC products by acid 

etching with a solution of 0.4M HF/0.2M HCl. Finally, the ZTC samples were washed with 

distilled water and dried at 100°C overnight. The obtained samples were labeled as X-FAU-ZTC 

(X=1μ , 70  ,    10  ).  

 

2. Characterization 

The morphology and crystal size of the samples were characterized using a JEOL SEM-7900F 

scanning electron microscope (SEM) with an acceleration voltage of 5 kV. The Scanning 

Transmission Electron Microscopy (STEM) experiments were performed on a double corrected 

Analytical JEOL ARM200CF TEM operated at 200kV for imaging and 120kV for mapping. The 

TEM is equipped with a 100mm
2
 Centurio Energy Dispersive X Rays (EDX) detector for the 

chemical analysis of the constituents. The samples were prepared under ultrasound treatment of 

powders in ethanol obtained by mechanical scratching of the cathode materials after the different 

treatments. The solution was drop cast on a holey Carbon membrane deposited on a 300 mesh Au 

grid adapted for the TEM experiments. Elemental maps (256 x 256px) were acquired using the 

Analysis Station (Jeol) software with a scanning speed of 0.02 ms/px in order to minimize the 

damaging effect of the electron beam and a spatial tracking algorithm was applied every 60 

seconds. The same software was employed for the qualitative and quantitative analysis of the 

experimental data. X-ray powder diffraction (XRD) patterns were collected using a Bruker D8 

Advance. The N2 adsorption-desorption experiments were performed at 77 K using a 
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Quantachrome Autosorb iQ3 gas-sorption analyzer. The micropore volume was calculated from 

the v-t plot. The pore size distribution was determined using the Quenched solid density functional 

theory (QSDFT) method.  

 

2.1 Electrochemical test 

The electrochemical performance of the ZTC samples was evaluated using half-cells 

assembled in a glove box. The powder samples were mixed with super P and poly vinylidene 

fluoride in a weight ratio of 8:1:1 in N-methyl-2-pyrrolidinone to form a homogeneous slurry, 

which were then deposited on a Cu foil and dried in a vacuum oven at 80°C for 12 h. Sodium 

metal foils were used as counter and reference electrodes. A solution of 1 mol·L
-1

 NaClO4 in 

ethylene carbonate/diethyl carbonate (1/1; v/v) with 5 wt.% fluoroethylene carbonate was used as 

the electrolyte and Celgard 2400 was used as the separator. The active materials mass loaded on 

each round of Cu foil was about 0.7 mg·cm
-2

. Cyclic voltammetric measurements with a scan rate 

of 0.1 mV·s
-1

 were performed on a CHI760D electrochemical workstation. Galvanostatic 

charge/discharge measurements were performed using a multichannel battery testing system 

(LAND CT2001A) in a voltage range of 0.01–3 V for anodes versus Na/Na
+
 at different constant 

current densities. 

The amount of Na
+
 accommodated in supercages of the ZTC was calculated using the following 

equations:  

  
        

 
      
     

          (1) 

      
 

 
  

 

 
   (2) 

where C is Capacity, F is Faraday constant, Na is Avogadro's constant, Vmicro is 

Micropores volume of ZTC, Vpore is single supercage volume of ZTC, and R is pore 

diameter of ZTC.  

 

3. Results and Discussion 
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Figure 1 XRD patterns (A), N2 adsorption-desorption isotherms (B), pore size distribution (C), and 

RAMA   p c    (D)  f    pl   1μ -FAU-ZTC (a), 70nm-FAU-ZTC (b), and 10nm-FAU-ZTC (c). 

 

The structure of FAU-type zeolite (Figure S1A), and ZTC (Figure 1A) were determined by X-ray 

diffraction. All three samples of zeolites with various particle sizes exhibit characteristic Bragg 

peaks corresponding to the FAU-framework structure. As the particle size decreases, the intensity 

of the peaks decreased and the half-height width of the peak expands, indicating that the structure 

is less ordered. The non-negligible decrease in crystallinity led to a decrease in the specific surface 

area and micropore volume of the zeolite templates as confirmed by nitrogen physisorption 

analysis (Figure S2A, Table S1). In comparison to sample 1µm-FAU, the specific surface areas of 

70nm-FAU and 10 nm-FAU decreased by 26% and 50%, respectively. Similar to other ZTC 

materials synthesized with furfuryl alcohol
19
,  h     pl  1μ -FAU-ZTC exhibits a weak peak at 

6.3° 2θ     h  XRD p      , wh ch        pl c   f 111 c y   l pl     f  h  FA  z  l   
20, 21

. This 

    c      h    h  1μ -FAU-ZTC sample has faithfully replicated the FAU zeolite structure. Only 

weak peaks or no peaks at the same position in the XRD patterns of samples 70 nm-FAU-ZTC and 

10 nm-FAU-ZTC were observed as a consequence of the small particle size and partial collapse of 

nanosized zeolite template at high temperature
22

. At the same time, no broad peaks representing 

the disordered graphitic structure of the amorphous c      w                25° 2θ f    ll  h    

samples
23

, suggesting that the ZTC samples have formed a self-standing porous carbon skeleton 

by replicating the zeolite framework rather than amorphous stacked carbon.  
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As shown in Figure 1B, all three ZTC samples exhibited a type I isotherm
24

 which is composed of 

micropores, proving that the parent zeolite's microporous structure has been successfully 

replicated (Figure 1B). The adsorption-     p         h     f    pl  1μ -FAU-ZTC contains a 

"low-pressure hysteresis". This phenomenon has been reported for various ZTC materials
25-27

, 

which has been attributed to carbon particles swelling during the nitrogen adsorption 

measurements, or to the strong interactions of nitrogen molecules with the carbon surface
28, 29

. The 

isotherms of samples 70nm-FAU-ZTC and 10nm-FAU-ZTC differ slightly from that of sample 

1μ -FAU-ZTC. An upward turn with a weak hysteresis at high relative pressure was recorded. 

This hysteresis loop indicates the mesoporosity generated from interparticle space due to the 

packing of well-defined individual particles with similar sizes
22

. The external surface area of the 

ZTC increases as the crystal size decreases, but the total surface area and the microporous surface 

area (Smic) decrease substantially (Table 1). Apparently, the decrease of Smic of the parent FAU 

zeolite template leads to the decrease of Smic in the carbon replica.  

Table 1 N2 adsorption analysis data of ZTC samples. 

Sample SBET (m
2
·g

-1
)

a
 Smi (m

2
·g

-1
)
b
 Sex(m

2·g-1
) Vt (cm

3
·g

-1
)

c
 Vmi (cm

3
·g

-1
)

d
 

1μm-FAU-ZTC 2373 1937 245 1.87 1.06 

70nm-FAU-ZTC 2154 1864 290 1.31 0.89 

10nm-FAU-ZTC 1612 1270 342 1.14 0.68 
a BET specific surface area was calculated from the adsorption branch in P/P0

 = 0.02-0.15. 

b Micropore surface was calculated by the t-plot method. 

c Total pore volume was determined at P/P0 = 0.97. 

d Micropore volume was calculated from the t-plot method. 

 

Figure 1D shows the RAMAN spectra of the carbon samples, which exhibit D and G peaks at 

1380cm
-1

 and 1600cm
-1

 corresponding to the A1g ring respiration mode and the E2g vibration 

between adjacent sp
2
 hybridized carbon atoms, respectively

30
. The integrity of the carbon structure 

network, or the level of graphitization, is indicated by the intensity ratio of D and G peaks. The 

ID/IG ratio of 1µm-FAU-ZTC, 70nm-FAU-ZTC, and 10nm-FAU-ZTC is 0.64, 0.75, and 0.76, 

respectively. The 1μm-FAU-ZTC has lower ID/IG ratio as the template contains larger zeolite 

particles that are more robust at high temperature and can provide a stable environment for the 

growth of the carbon skeleton
31, 32

. In contrast, samples 70nm-FAU-ZTC and 10nm-FAU-ZTC 

have higher ID/IG ratio due to the possible collapse of the small zeolite particles at high 

temperature and presence of defects in the carbon lattice. 
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Figure 2 SEM p c u     f    pl   1μ -FAU (a), 70nm-FAU (b), 10nm-FAU (c); SEM and TEM 

p c u     f    pl   1μ -FAU-ZTC (d, g), 70nm-FAU-ZTC (e, h), and 10nm-FAU-ZTC (f, i).  

 

SEM images of the ZTC samples reveal the progressive decrease in the particle size of the zeolite 

   pl         h  ZTC  (F gu   2). B  h 1μ -FA      1μ -FAU-ZTC samples exhibit the 

classical ortho-octahedral shape, which suggests that the carbon replicates the zeolite morphology 

cl   ly. Th       g  w h       pl  1μ -FAU is possible causing the interconnections in the 

carbon replica. The 70nm-FAU sample contains individual crystals with a size of 70-150 nm, and 

less sharp edges along with a change in crystal structure from ortho-octahedral to ellipsoidal. This 

phenomenon is also observed for sample 70 nm-FAU-ZTC due to the exact replication of the 

crystal structure of the template. The crystals diameter of sample 10nm-FAU is in the range of 

10-40 nm, and these crystals transformed into nearly spherical blocks. Due to the high surface 

energy and the capillary effect of water during the drying, the small size carbon replicas
 
are easily 

agglomerated
12

. Therefore no individual particles have been seen for samples 70nm-FAU-ZTC 

and 10nm-FAU-ZTC by TEM. All three samples exhibited homogeneous microporous structure 

thus demonstrating the successful replication of the FAU micropores 
33, 34

. 
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Figure 3 Cyclic voltammograms (CV) at a scan rate of 0.1 mV·s 
-1

 and galvanostatic 

charge-discharge profiles (GCD) tested at a current density of 0.1 A·g
-1

 for samples 

1μ -FAU-ZTC (a, d), 70nm-FAU-ZTC (b, e), and 10nm-FAU-ZTC (c, f) at five cycles  

 

The sodiation and de-sodiation behavior of the ZTCs electrode during the first five charges and 

discharges were tested by cyclic voltammograms (CV) (Figure 3a, b, and c). Three peaks located 

   0.01 V, 0.86 V,     1.22 V c               h  f       g       c    f    pl  1μ -FAU-ZTC. The 

peak at 0.01 V represents the porefilling of Na
+
 and the adsorption of Na

+
 on defects and edges of 

ZTC
35, 36

. The two peaks located at 0.86 V and 1.22 V that disappeared in the subsequent cycles 

are due to the irreversible reaction between Na
+
 and surface functional groups

7
, decomposition of 

electroyte
37

, and formation of SEI layers
38

. The second CV scan did not show any peaks except 

the one at 0.01 V, indicating that a stable SEI layer was formed and the sodium ion storage 

behavior of porefilling and the adsorption on the edges and defects sites is predominant 
39, 40

. The 

first CV curves for the three samples are compared (Figure S3), the observed peaks were found to 

become larger with decreasing the particle size of the zeolite template crystals, resulting in 

enhanced sodium storage. The peaks of surface reaction and SEI layer formation are also 

enhanced due to the higher external surface area of the template
41

. For the same reason, the 

de-sodiation current at 3.0-1.0 V strengthens, indicating that the sodium ions adsorbed on the 

external surface of ZTCs are being released. In contrast to the other two samples, the subsequent 

CV curves for sample 10nm-FAU-ZTC revealed a pair of redox peaks at 1.53 V and 1.59 V. Peaks 

at similar positions have been reported earlier; the formation of pseudometals in the micropores of 

carbon materials was suggested
42, 43

. This emphasizes the adequacy of sodium ions to enter the 

pores of sample 10nm-FAU-ZTC. The first five galvanostatic charge-discharge (GCD) profiles of 

   pl   1μ -FAU-ZTC, 70nm-FAU-ZTC, and 10nm-FAU-ZTC at 100 mA·g-1
 are shown in 

Figures 3d, e, and f, respectively. All three samples show a voltage profile of a sloping line 

without distinct plateaus. The curves all start with a descending slope with a continuous curvature 

in the high-voltage region, which is the consequence of the quick adsorption of Na
+
 to the defect 

or edge sites of ZTC
44, 45

. Unlike the micropore filling that has been reported in hard carbon 

materials, the filling of the supercages of ZTC does not show a long and distinct plateau, but 
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rather a steady decreasing slope at 1.5-0.1V, which is similar to carbon nanotubes and activated 

carbon with small interspaces used to store sodium ions
7, 9, 42, 46, 47

.  

The first discharge capacity and first charge capacity of the three ZTC anodes are presented in 

Table 2. It can be seen that the smaller particle sizes of samples 70nm-FAU-ZTC and 

10nm-FAU-ZTC resulted in a better performance compare to sample 1µm-FAU-ZTC. Among all 

samples, the 10nm-FAU-ZTC with the smallest particle size exhibited the highest first discharge 

capacity of 2116 mAh·g
-1

 due to the highest internal space accessibility. The first discharge 

capacity contributed by surface reaction and SEI layer formation was calculated using the 

shoulder region around 1.5V. For samples 1µm-FAU-ZTC, 70nm-FAU-ZTC, and 10nm-FAU-ZTC, 

the contribution of surface reaction and SEI layer formation has been calculated to be 350, 550, 

and 850 mAh·g-1
, respectively (calculation details presented in Figure S4). After excluding the 

capacity contributed by the external adsorbed Na
+
 and SEI formation, the first discharge capacity 

 f    pl   1 μ -FAU-ZTC, 70nm-FAU-ZTC, and 10nm-FAU-ZTC is equal to 13.7, 22.6, and 

31.0 Na
+
 stored in each supercage, respectively. It can be seen that the short diffusion path of the 

small particles greatly facilitates the Na
+
 to enter the supercage of ZTC. However, the first charge 

capacity exhibited a significant loss, indicating that only 1.5, 4.9, and 4.6 Na
+
 were able to be 

re- x   c    f     h   up  c g    f 1μ -FAU-ZTC, 70nm-FAU-ZTC, and 10nm-FAU-ZTC, 

respectively. The amount of Na
+
 that can be re-extracted from the supercages of 10 nm-FAU-ZTC 

is lower than that of 70 nm-FAU-ZTC, which is the result of more SEI layer caused by the large 

external surface area. Thus 70nm-FAU-ZTC has shown the highest first Coulomb efficiency 

(23.8%). The shoulder representing the formation of SEI disappears in the subsequent GCD 

curves for all three samples, implying that a stable SEI layer has been formed during the first 

discharge. In addition to this, the Na
+
 adsorbed on the external surface contributed mostly to the 

capacity in the subsequent cycles, for the discharge curve is composed mostly by straight lines 

with a consistent slope
48

. However, the contribution of the supercage to the capacity still tends to 

increase with the increase of the external surface area of the ZTC, which indicates that only the 

Na
+
 stored in the supercages close to the external surface can be reversibly adsorbed and desorbed. 

 

Table 2 The initial discharge capacity, initial charge capacity, and stable reversible capacity of 

ZTC samples at 0.1A·g-1
. 

Sample 

First 

discharge 

capacity 

(mAh·g-1
) 

First charge 

capacity 

(mAh·g-1
) 

First 

Coulumbic 

efficiency (%) 

Stable 

reversible 

capacity 

(mAh·g-1
)
a
 

Reference 

1μ -FAU-ZTC 1718 288 16.8 120 
This 

work 

70nm-FAU-ZTC 1767 420 23.8 180 
This 

work 

10nm-FAU-ZTC 2116 360 17.0 170 
This 

work 

Activated carbon ~820 ~150 ~18 ~100 
39

 

Graphene oxide 

nanosheet 
~240 ~210 ~87 ~150 

40
 

Carbon nanotubes ~80 ~70 ~87 ~60 
43
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a
 stable reversible capacity is sampled after 50 cycles at 100 mA·cm

-2
. 

 

The performance of the three samples after the first 100 cycles was also evaluated and the results 

are summarized in Figure 4. After several cycles, the ZTC still displays an appreciable reversible 

capacity and a very high coulombic efficiency. The performance of the samples remained stable 

even after hundreds of cycles (Figure S5), demonstrating the stability of the ZTC structure. For 

comparison, the performance of other carbon materials reported earlier are also summarized in 

Table 2. Commercial activated carbon has a high surface area and complex pore structure, but as a 

typical anode carbon material, its performance is much lower than that of ZTC. Graphene oxide 

nanosheets and carbon nanotubes have a polycarbon ring structure similar to that of ZTC, but they 

do not show significant capacity. However, the first coulumbic efficiency of ZTC samples is still 

lower than the carbon materials presented in Table 2, which is a main difficult for the ZTC to be 

considered for practical application.  

 

Figure 4 The cycl  p  f     c   f    pl   1μ -FAU-ZTC (a), 70nm-FAU-ZTC (b), and 

10nm-FAU-ZTC (c) at 100mA·g-1 
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F gu   5 F           c    g l         c    ch  g  p  f l    f    pl   1μ -FAU-ZTC (a), 

70nm-FAU-ZTC (b), and 10nm-FAU-ZTC (c) at 9mA·g-1
  

 

In order to fully explore the sodium storage capacity of ZTC materials and verify the sodium 

storage mechanism, the samples were discharged with a very low current density (9mA·g-1
) 

resulting in more mild surface reaction, SEI layer formation, and more complete porefilling. Thus 

the sodium storage potential of the internal pores of ZTC can be fully exploited. The first and 

second discharge capacities of the samples are present in Figure 5. Because of the milder surface 

reaction and SEI formation, there is no obvious plateau around 1.5 V in the first discharge curve to 

calculate the resulting capacity contribution. However, it can still be seen that at low current 

densities, 10nm-FAU-ZTC exhibits the highest first discharge capacity of 3555mAh·g-1
, even 

though it includes the contribution of more SEI layer formed due to higher external surface area. 

After the first charge and discharge, the contribution of the SEI layer was excluded, and the 

second discharge capacity of sample 10nm-FAU-ZTC (642mAh·g-1
) showed that still 8.07 sodium 
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ions could enter and be stored in each supercage during the second cycle. The sodium ions stored 

      pl   1μ -FAU-ZTC and 10 nm-FAU-ZTC are 4.18 and 6.45, respectively. It can be seen 

that the utilization efficiency of the supercages increases with decreasing the particle size at low 

concentration difference polarization due to the very low current density. This confirms that the 

amount of the SEI layer is an important factor affecting the ZTC capacity at 100mA·g-1 45, 49-52
. 

 

Based on the presented results, the filling process of ZTC by sodium ions is illustrated 

schematically in Figure 6. First, the sodium ions adsorbed on the external surface of the ZTC
46, 51, 

52
. Second, the sodium ions start to form an SEI layer and enter the ZTC's supercages and adsorb 

on the inner surface. Finally, the Na
+
 continues to migrate to the inner part of the ZTC until 

saturated
35, 53

. During the sodium removal process, only sodium ions adsorbed on the external 

layer of the ZTC and in the supercages near the external surface can desorb, while the sodium ions 

adsorbed in the internal voids of ZTC are retained and cannot leave due to the high adsorption 

energy and long diffusion path. When the sodiation process occurs on ZTC crystals with large 

particle size, the pores are unable to be fully filled due to the extended diffusion path. In contrast, 

the short diffusion path of the small ZTC particles can take full advantage of the supercage, and 

more sodium ions can be filled into the supercage and stored in a desolvated form, but at the same 

time, the high external surface area is also responsible for the formation of more SEI layers and 

this hinders the sodium ions from being extracted from the supercage at high current densities. 

 

 

Figure 6 Schematic diagram of ZTC with different particle sizes storing sodium ions on the 

external surface, internal surface of supercages and porefilling 
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4. Conclusions 

I   u    y, ZTC w  h c y   l             f 1 μ , 70   ,     10    w     y  h   z  . I  w   

shown that the size of the ZTC particles has a significant effect on their performance as an anode 

for sodium batteries. On the one hand, increasing the crystal size of the ZTC was beneficial to 

reduce the contact area with the electrolyte, which suppressed the side reactions and the SEI layer 

generation occurring on the external surface, resulting in a better first Coulomb efficiency. On the 

other hand, the large size of the crystals increased the diffusion path of sodium ions, and the pores 

of ZTC cannot be fully utilized, causing the decrease of both the first discharge capacity and 

reversible capacity. Therefore, sample 70nm-FAU-ZTC with intermediate particle size was found 

to exhibit the highest first coulombic efficiency (23.8%) and reversible capacity (180mAh·g-1
 at a 

current density of 100mA·g-1
), while sample 10nm-FAU-ZTC showed the highest first discharge 

capacity (2116mAh·g-1
 at a current density of 100mA·g-1

). The potential of ZTC materials to store 

sodium ions was fully explored at very low current densities (9mA·g-1
): sample 10nm-FAU-ZTC 

exhibited the highest first discharge capacity (3555mAh·g-1
) and second discharge capacity 

(642mAh·g-1
). The results suggested that the ZTC materials can still be further optimized to 

improve their performance as a SIB anode material. 
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