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Abstract: 

The pursuit of a high-capacity anode material has been urgently required for commercializing 

sodium-ion batteries with a high energy density and an improved safety. In the absence of the 

thermodynamically stable sodium intercalated compounds with graphite, constructing 

nanostructures with expanded interlayer distances is still the mainstream of developing high-

performance carbonaceous anodes. In this regard, a porous carbon material has been fabricated 

by a facile CO2 thermal etching process and the great importance of oxygenated functionalities 

for sodium ion storage is firstly uncovered by the electrochemical and physiochemical 

characterizations. Due to the abundant ionic/electronic pathways and more active sodium storage

sites in microporous structure with the noticeable pseudocapacitive behaviors, the functionalized 

porous carbon could achieve a highly reversible capacity of 505 mAh g-1 at 50 mA g-1, an 

excellent rate performance of 181 mAh g-1 at 16000 mA g-1, and an exceptional rate cycle 

stability of 176 mAh g-1 at 3200 mA g-1 over 1000 cycles. These outstanding electrochemical 

performances should be attributed to a synergistic mechanism, fully utilizing the graphitic and 

amorphous structures for the simultaneous intercalations of sodium ions and solvated sodium ion

species, respectively. Additionally, the controllable formation and evolution of a robust but thin 

solid electrolyte interphase (SEI) film with the emergence of obvious capacitive reactions on 



defective surface, favoring the rapid migrations of sodium ions and solvated compounds, also 

contribute to the remarkable electrochemical performances of the porous carbon black.
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1. Introduction

Nowadays, the comprehensively technical penetration of lithium-ion batteries (LIBs) into

portable devices tremendously reshaped the modern consumer electronics and primarily 

propelled the development of electric vehicles as well as the large-scale grid energy storage1-4. 

However, the haunting strategic anxiety concerning the gradual depletion of lithium resources 

and their geologically restrained distribution challenged the sustainability and the affordability of

LIBs in meeting the huge demands of electrical energy storage5-7. Sodium-ion batteries (SIBs), 

inherited the analogous physicochemical properties based on the elemental sodium from the 

same group in the periodic table as lithium, have emerged as one of the most riveting alternatives

for lithium counterparts, due to the ubiquitous sodium resources and the subsequently low cost8-

12. The intrinsically disadvantageous energy density, resulting from a higher redox potential and a

larger atomic weight as well as an increased ionic size, determined the huge potential of SIBs in 

applications of the large-scale stationary and fluctuating energy storage for the cost-effectiveness
7, 10. 

Particularly, the pursuit of advanced electrodes and electrolytes with high rate capabilities

and cycle stabilities is the key to enable the high-performance SIBs for the sake of quick 

response to grid requirement13. But the mismatch between a limited interlayer distance for the 

commercial graphite and a large ionic radius of sodium ion as well as the absence of the 

thermodynamically stable graphite intercalation compounds14-17, presented a serious challenge on

the selection of a suitable anode substitute. Unfortunately, the sodium metal is severely plagued 

by the severe safety issues regarding its low melting point and the unavoidable dendrite 

formation.6 Initially, disordered carbon materials, which are structurally composed of the curved 

graphene layers with large interlayer spacings and the turbostratic nanodomains with desirable 

pores, could generate reversible capacities as high as 300 mAh g-1 but with relatively poor rate 



capabilities and cycle performances18-25. Inspired by lithium equivalents, the rational 

nanostructured design26-38 and the appropriate heteroatom doping34, 39-50, were widely employed to

develop carbonaceous materials with a highly reversible capacity and a long cycle life. 

Simultaneously, the electrochemical performances of carbon-based materials were further 

promoted by the electrolyte optimization51-54.  Recently, the layered-structure graphite has been 

revisited by several groups55-60. Philipp Adelhelm and colleagues55 surprisingly revealed a unique 

co-intercalation phenomenon of sodium ions and diglyme solvents into graphite by forming a 

ternary intercalation compound with a highly reversible capacity of 100 mAh g-1. Later, Kisuk 

Kang et al.56 further extended this electrochemical behavior to ether-based electrolytes and 

systematically studied the effects of different solvents/salts on electrochemical properties of 

natural graphite. According to these findings for ether-based electrolyte, the concept of solvent 

co-intercalation has been gradually established for sodium ion storage in graphite.59-68 

Additionally, the highly porous carbon materials in ether-based electrolyte could also deliver a 

large reversible capacity and a long-term cycle life, due to the formation of a uniform and 

compact solid electrolyte interphase (SEI) layer for the improved structural stability.64 

In our previous reports, the ether-based electrolyte was found to enable the highly 

reversible sodiation/desodiation processes for a commercial N330 carbon by efficiently 

combining the sodium ion insertion into the disordered structure with the solvated sodium ion 

species co-intercalation into the graphitic structure.69 Additionally, the desirable microstructure 

with abundant active sodium storage sites resulted from a NH3-assisted thermal etching treatment

of the pristine carbon blacks can also give rise to a large reversible capacity and ultralong cycle 

life. As reviewed before70-71, several critical physicochemical properties involving the interlayer 

spacing, the porosity, the surface area, the heteroatom doping, and the intercalation behaviors as 

well as the SEI formation in different electrolytes, would definitely affect the electrochemical 

performances of carbon-based anode materials for SIBs. 

Herein, we firstly developed a surface-functionalized strategy for the porous carbon by a 

facile CO2-assisted thermal etching route. With the assistance of an ether-based electrolyte by 

making most of the active sodium storage sites, the functional groups could greatly boost the 

migrations of sodium ions/solvated sodium ion species, effectively guarantee the rapid capacitive



reactions on the defective surface, and favorably promote the sodium intercalation/extraction 

processes, further leading to a superior reversible capacity, an exceptional rate capability, and an 

outstanding cyclability. 

2. Experimental

2.1 Materials synthesis

The commercial N330 carbon black was selected as the pristine material and the 

introduction of CO2 at 1050 °C could lead to the formation of the oxygen-containing functional 

groups for carbon blacks, as elaborated in our previous reports72-73.  In a typical preparation, 500 

mg of pristine carbon black distributed in a fused silica boat was pyrolyzed in a fused silica 

reactor under CO2 at 1050 °C until the desired mass losses were obtained. The as-etched samples

with the mass loss of 13 wt.%, 30 wt.%, and 50 wt.%, were referred as CBC13, CBC30, and 

CBC50, respectively. In order to investigate the effects of these oxygen-containing functional 

groups on electrochemical properties of carbon blacks, as-obtained carbon blacks were further 

treated under H2 at 950 °C to effectively remove these oxygen-containing functional groups. The 

corresponding samples reduced from the as-etched samples with the mass loss of 13%, 30%, and

50%, were denoted as CBCH13, CBCH30, and CBCH50, respectively.

In the preparation of electrolyte, sodium triflate (NaCF3SO3, 98%, Sigma Aldrich) and 

molecular sieves (4 Å, Sigma Aldrich) were firstly dried at 150 °C under vacuum for 2 days. The

residual water in the commercial solvents was further removed by the as-dried molecular sieves. 

Finally, the electrolytes using different solvents were carefully obtained in a glove box under Ar 

atmosphere by dissolving 1.0 M sodium triflate (NaCF3SO3, 98%, Sigma Aldrich) into diethylene

glycol dimethyl ether (DEGDME, 98.9%, Sigma-Aldrich) and ethylene carbonate (EC, 99%, 

BASF)/diethyl carbonate (DEC, 99%, BASF) with 1:1 in volume ratio (Sigma Aldrich), 

respectively.

2.2 Physical Characterizations

X-ray Diffraction (XRD) spectroscopy using a Bruker D8Advance (Cu-Kα source, 40kV,

40mA) spectrometer was employed to study the crystalline structures of carbon blacks. Raman 

scattering spectra were recorded by a HORIBA Scientific LabRAM HR Raman spectrometer 



system with a 532.4 nm laser. N2 adsorption/desorption isotherm and pore size distribution were 

measured by a Folio Micromeritics Tristar II surface area analyzer. The morphologies of 

different materials were observed by a Hitachi S-4800 field emission scanning electron 

microscope (FE-SEM) operated at 5 keV. High resolution transmission electron microscopy 

(HRTEM) and electron energy-loss spectroscopy (EELS) elemental mapping were conducted by 

a Gatan GIF-200 spectrometer. For the synchrotron-based X-ray characterizations, O K-edge and

C K-edge X-ray absorption spectroscopies (XAS) for different samples were collected in 

Beamline 6.3.1.2 and 8.0.1.4 of Advanced Light Source in Lawrence Berkeley National 

Laboratory. The C 1s and O 1s X-ray photoemission spectroscopies (XPS) were conducted at the

high resolution Spherical Grating Monochromator (SGM) beamline in Canadian Light Source 

(CLS). The excitation/pass energy for C 1s and O 1s XPS are 700/20 and 1500/20 eV, 

respectively.

2.3 Electrochemical measurements 

The electrochemical properties of different carbon blacks were measured by examining 

the typical 2032-type coin cells. For electrode preparation, the slurry, obtained by thoroughly 

mixing 80 wt.% active carbon materials, 10 wt.% acetylene blacks as the conductive agent, 10 

wt.% poly(vinylidene difluoride) (PVDF) binder in a certain amount of N-methyl pyrrolidinone, 

was then casted onto the copper foil. After dried under vacuum at 80 °C for 12 h, the as-formed 

electrodes were punched into ½ inch pellets which were further pressed under a certain pressure 

with the loading mass of about 0.8 mg cm-2. The 2032-type coin cells, which were composed of a

sodium foil as anode, a counter electrode as cathode, a polypropylene membrane (Celgard 2400) 

as separator and electrolytes using different solvents, were assembled in an Argon-filled glove 

box with the limited moisture and oxygen contents. The galvanotactic charge/discharge tests 

were performed in the voltage range of 0.001~2.5 V at the different current densities under room 

temperature by an Arbin BT-2000 Battery Tester. The cyclic voltammetry (CV) measurements 

were conducted by a versatile multichannel Biologic VMP3 electrochemical station at 0.1 mV s-

1, while the electrochemical impedance spectra (EIS) were collected at an AC (alternating 

current) voltage of 5 mV amplitude in the frequency range of 100 kHz to 0.01 Hz.

3. Results and discussions



Figure 1 (a) XRD patterns, (b) Raman spectra, and (c) O K-edge X-ray absorption spectroscopies

for different carbon blacks. (d) Synchrotron-based O 1s XPS for CBC13 carbon black. 

The  structural  evolutions  of  different  carbon  blacks  before  and  after  the  thermal

treatments were studied by XRD and Raman spectra. XRD patterns in Figure 1(a) show two

obvious peaks at ~24 ° and ~42°, corresponding to the (002) diffraction plane of layer-by-layer

stacking structure for graphene and the (100) diffraction plane of ordered hexagonal structure for

graphite,  respectively45,  74.  The coexistence of these two peaks further hints  at  an amorphous

nature of different carbon blacks. According to the Bragg equation and the Scherrer equation35, 74-

75, the interlayer distance (d002), the in-lane coherence length (Lc), and the out-of-lane coherence

length  (La)  for  the  graphitic  domains  are  calculated  and  listed  in  Table  S1  (Supporting

Information). Even though the interlayer distance (d002) almost does not change after different



thermal  treatments,  the  value  of  Lc apparently  increases  while  the  value  of  La  obviously

decreases,  indicating  the  consumption  of  amorphous  part  during  the  etching  process  which

agrees well with our previous results72. Furthermore, the introduction of CO2 during the thermal

treatment  could markedly increase the surface area and create the pores with a smaller size.

Meanwhile, the disordered (D) band induced from the defects in the disordered structure and the

graphitic (G) band resulted from the graphitic structure in crystallite can be identified at 1343

and 1590 cm-1  in Raman spectra,  respectively  74,  76.  As observed in Figure 1(b), the peak for

defect-induced D band obviously sharpens with the decrease of the related half width at half

maximum (HWHM) upon the CO2 etching, while the peak for G band hardly changes, further

confirming  the  decomposition  of  the  disordered  part  during  the  CO2 thermal  treatment.  It’s

noteworthy the strange increase of ID/IG value after the CO2 etching process at 1050 °C should be

originated from the curling of the stacked graphitic layers with the subsequent shrinkage of the

small graphitic crystals in (100) directions74, 77. At the same time, the reduced carbon black after

annealing in H2 could present the similar physical properties with a higher surface area and a

larger  pore size  than that  of  the  functionalized  carbon black  treated  in  CO2 (Figure  S3-S4).

Importantly,  the  highly  surface-sensitive  O  K-edge  X-ray  absorption  spectroscopies  in  TEY

(Total Electron Yield) mode were conducted to understand the functionalities and the structures

of different carbon blacks as shown in Figure 1(c). For pristine N330 carbon black, a strong peak

at 533.7 eV can be assigned to the σ* state of C−O from the residual epoxide species, while two

broad  peaks  at  538.5  and  544.0  eV should  be  ascribed  to  the  σ* C-O transitions  from the

difference of two C−O bonds in carboxylic acids78-82. After the thermal etching in CO2, CBC13

carbon  black  could  display  a  weak  feature  at  530.0  eV  and  a  sharp  peak  at  532.2  eV,

undoubtedly arising from the transitions of O 1s electrons to the π* C=O states78, 82. Additionally,

an obvious peak at 534.9 eV and a broad peak at 540.0 eV should be derived from the σ* states

of O-H and C-O in hydroxyl groups, respectively79-80,  83-84. When it comes to the carbon black

after the thermal reducing in H2, no signal can be observed. The evolution of chemical bonds as

evidenced in XAS measurements clearly demonstrates the formation of functionalities in carbon

black  after  the  annealing  process  in  CO2 and  the  effective  removal  of  oxygen-containing

functional groups by the subsequent H2 treatment. Furthermore, a high-resolution synchrotron-

based O 1s XPS as depicted in Figure 1(d) was also applied to characterize the chemical states of



oxygen in functionalized carbon. This broad peak could be accordingly deconvoluted into three

peaks at 531.2, 532.3, and 533.2 eV, respectively. Two obvious peaks at 531.2 and 533.2 eV

should be separately attributed to C−O and C=O bonds in the oxygenated functional groups,

while the strong peak at 532.3 eV relates to the O−H bonds in functionalized carbon material85-90.

Specifically, the proportions of C−O, O−H, and C=O bonds in oxygenated functional groups are

estimated to 38.6%, 38.1%, and 23.3%, respectively. At the same time, the corresponding peak

in synchrotron-based C 1s XPS for CBC13 carbon black in Figure S2 can also be divided into

C−C sp2, C−C sp3, C-O, and O=C−O peaks at 284.0, 285.2, 285.6, and 289.2 eV, respectively91-

101. The rich and cogent information obtained from the underlying structural characterizations and

the exceptionally surface-sensitive detections, straightforwardly identified the decomposition of

disordered part in carbon structure and the subsequent formation of microporosity as well  as

functionalities.



Figure 2 SEM images of (a) N330, (b) CBC13, and (c) CBCH13 carbon blacks. (d) TEM and (e)

HRTEM images of CBC13 carbon black. (f) Elemental mappings in EELS for C and O K-edge

of CBC13 carbon black. (g) Schematic diagram of the thermal etching and reducing processes.

The morphologies and the structures of different carbon blacks were further examined by

SEM and TEM, as displayed in Figure 2(a-f). In the pristine N330 carbon black, the irregular

particles  with  the  size  ranging  from  20  to  60  nm,  are  unevenly  distributed  and  severely

aggregated. After the CO2 thermal etching process, the tiny particles diminish, and the carbon

black exhibits a granular morphology with an average particle size around 50 nm. Moreover, the

H2 thermal reduction could also slightly reduce the particle size without changing the spherical

shape  of  the  carbon  black.  Specifically,  an  apparent  short-range  order  in  turbostratic

nanodomains, as shown in HRTEM image of Figure 2(e), reveals an amorphous nature with a



partially graphitic structure for CBC13 carbon black. Additionally, the elemental mappings in

EELS at C and O K-edge in Figure 2(f) and Figure S1, critically confirm the intensive formation

of  the  oxygenated  functionalities  in  the  surface  area  of  nanoparticles  after  the  CO2 thermal

treatment. Figure 2(g) further illustrates the evolution of carbon black during the CO2 thermal

etching and H2 thermal reducing processes. Upon reacting with CO2 at 1050 °C, the disordered

part  would  preferably  decompose  with  the  generation  of  oxygen-containing  species  on  the

surface of carbon black. Then these oxygenated groups in the functionalized carbon black could

be efficiently  removed after  the thermal  reducing process  in  H2 at  900 °C.  The presence of

oxygenated  functionalities  will  unavoidably  affect  the  processes  involving  the  sodium  ion

diffusion and the subsequent electrochemical intercalation in carbon materials.  



Figure 3 (a) Discharge-charge profiles for CBC13 and CBCH13 carbon black at a current density

of 50 mA g-1. Cycle performances of different carbon blacks at current densities of (a) 50, (b)

100, and (c) 200 mA g-1.

The pivotal roles of oxygenated functionalities can be proven by the dramatically 

different electrochemical performances, as evaluated by the galvanostatic discharge–charge 

measurements in an ether-based electrolyte for different carbon blacks. In Figure 3(a), the 

CBC13 carbon black with abundant functional groups delivers an extremely large reversible 

capacity of 505 mAh g-1 with an initial coulombic efficiency of 57.9% at 50 mA g-1, but the 

thermal reducing process could seriously lower the initial charge capacity for CBCH13 to 175 

mAh g-1 with a 57.4% coulombic efficiency. Even though the fast capacity fading happens at the 

beginning of the cycling for CBC13 carbon black, it still exhibits reversible capacities of 483, 

472, 393, 356, and 341 mAh g-1 at 2nd, 3rd, 25th, 50th, and 75th cycle, respectively, which are 

much higher than the corresponding results for CBCH13 carbon black. Appealingly, most of the 

discharged/charged capacities for the functionalized CBC13 carbon black are resulted from the 

electrochemical intercalation/extraction occurring below 1.5 V, promising its high desirability as 

an anode material with a high energy density for SIBs. Figure 3(b-d) further compares the cycle 

performances of different carbon blacks at different current densities. After 100 cycles at 50 mA 

g-1 as shown in Figure 3(b), CBC13 carbon black maintains a reversible capacity of 327 mAh g-1 

with a 64.8% capacity retention, while N330 and CBCH13 carbon blacks show charge capacities

of 196 and 132 mAh g-1, respectively. Admittedly, the rapid capacity decay at first, originated 

from the slow but complex chemical interactions between the oxygenated functionalities and the 

electrolytes during the electrochemical reactions, would lead to a comparatively lower value of 

the capacity retention than these of the pristine N330 and CBCH13 carbon blacks. The oxygen-

containing functional groups could greatly facilitate the sodium ion diffusion by abundant 

ionic/electronic pathways and further enable the subsequent sodiation/desodiation processes by 

more sodium ion storage sites. When cycled at 100 mA g-1 over 100 cycles as shown in Figure 

3(c), CBC13 carbon black still shows a high charge capacity of 325 mAh g-1 with a 73.5% 

capacity retention, while the reversible capacities of pristine N330 and CBCH13 carbon blacks 

stabilize around 180 and 127 mAh g-1, respectively. The superior cycle stability for CBC13 



carbon black can also be exemplified in Figure 3(d) with a highly reversible capacity of 256 mAh

g-1 after 200 cycles at 200 mA g-1, which is much higher than these of the pristine N330 and 

CBCH13 carbon blacks. Even cycled at 400 and 800 mA g-1 over 100 cycles, the reversible 

capacities of 287 and 278 mAh g-1 could still be obtained for CBC13 carbon black, respectively, 

as displayed in Figure S15. In contrast to the poor electrochemical performances of the pristine 

N330 and CBCH13 carbon blacks, the significantly improved capacities of CBC13 carbon black,

clearly testify the crucial roles of oxygenated functionalities in a highly porous structure, not 

only facilitating the migrations of electrons/sodium ions through the abundant pathways, but also

contributing to the highly efficient sodium ion intercalations/extractions on more active sites. It’s 

necessary to point out both functionalities and porosity have great impacts on the 

electrochemical properties of carbon blacks, as detailed in Supporting Information.



Figure 4 (a) Rate performance at current densities of 50~16000 mA g-1, (b) cycle performance at

a current density of 1600 mA g-1, and (c) rate cycle performance at a current density of 3200 mA

g-1 for CBC13 carbon black.

In addition to the noticeable reversible capacities, the excellent rate capability and the 

remarkable rate cycle stability can also be recognized for the functionalized carbon black, as 

shown in Figure 4. When cycled at the current densities of 50, 100, 200, 400, 800, 1600, and 

3200 mA g-1, CBC13 carbon black could deliver charge capacities of 471, 383, 366, 336, 319, 

300, and 275 mAh g-1, respectively. Simultaneously, this electrode was also able to maintain 

highly stable capacities of 253, 238, 224, 213, and 203 mAh g-1 at the current densities of 4800, 

6400, 8000, 9600, and 11200 mA g-1, respectively. Interestingly, the large reversible capacities 

of 193 and 188 mAh g-1 could further achieved for this functionalized electrode at the current 

densities of 12800 and 14400 mA g-1. Even applied an extremely high current density of 16000 

mA g-1, it can still retain a highly reversible capacity of 181 mAh g-1 and further regain a large 

reversible capacity of 453 mAh g-1 upon restoring the current density to 50 mA g-1. Impressively,

the CBC13 carbon black displays a highly reversible capacity of 202 mAh g-1 at 1600 mA g-1 

over 500 cycles with a 66.44% capacity retention. The outstanding rate cycle performance of 176

mAh g-1 with a 0.0369% capacity degradation per cycle and the stable coulombic efficiencies 

approaching 100% could even be achieved at 3200 mA g-1 over 1000 cycles. The superior 

electrochemical reversibility and exceptional rate cycle capability for the functionalized porous 

carbon outperform the electrochemical properties of several carbonaceous anodes in recent 

reports23-24, 31, 34, 43, 45, 102-109. The ultrafast sodium ion diffusion and electron transport, benefitted 

from the oxygenated functional groups in a desirable porous structure with more active sodium 

ion storage sites, could endow the functionalized carbon black with an ultrahigh rate capability 

and a highly stable cycle performance.



Figure 5 (a) Cycle performances of CBC13 carbon black in different electrolytes using

DEGDME and EC/DEC as solvents at a current density of 50 mA g-1. (b) CV curves of CBC13

carbon black in DEGDME-based electrolyte at 0.1 mV s-1. (c) EIS for CBC13 carbon black

electrodes before and after discharging in different electrolytes (the inset shows equivalent circuit

model). (d) C K-edge X-ray absorption spectroscopies of CBC13 carbon black electrodes at

different states when cycling in DEGDME-based electrolyte.

In terms of the carbon anode materials, solvents in electrolytes could also determine the 

electrochemical sodiation mechanisms and the corresponding electrochemical behaviors55-57. In 

the present case, it is necessary to compare the electrochemical properties of the functionalized 

carbon black in ether-based and carbonate-based electrolytes to understand the structural 

evolution of SEI during the discharging/charging processes. In Figure 5(a), CBC13 carbon black 



in the EC/DEC-based electrolyte could only present an initial reversible capacity of 347 mAh g-1 

with a low coulombic efficiency of 34.7% and a poor capacity retention of 53.6% after 100 

cycles at 50 mA g-1. The superior electrochemical performance for DEGDME-based electrolyte 

can also be found in CBCH30 carbon black with an initial reversible capacity of 244 mAh g-1 at 

50 mA g-1 over 100 cycles, as shown in Figure S27. A lower reversible capacity and a faster 

capacity decay for the carbon black in EC/DEC-based electrolyte should be due to its sole 

dependence on sodium ion insertion into the disordered structures and uncontrollable 

accumulations of a thick SEI layer. Comparatively, DEGDME-based electrolyte enables the 

functionalized porous carbon to fully utilize the potential capacity based on a synergistic 

combination of the sodium insertion into the disordered structure with the solvated sodium ion 

species co-intercalation into the graphitic part. Intriguingly, a sharp anodic peak appeared around

0.5 V during the first discharging process for CBC13 carbon black in EC/DEC-based electrolyte 

in Figure S17, do not arise in the same process for DEGDME-based electrolyte in Figure 5(b), 

hinting at a distinct SEI formation route for the functionalized carbon black in ether-based 

electrolyte. At the same time, the negligible differences for intensities and positions of all 

cathodic/anodic peaks below 0.5 V in the following cycles, further prove the high 

electrochemical reversibility of the functionalized carbon black. Furthermore, the comparisons of

EIS in Figure 5(c) and related parameters in Table S4 for the pristine and discharged electrodes 

in different electrolytes, also verify the electrochemical advantages of ether-based electrolyte. 

Owing to the uncontrollable formation of a thick SEI layer on the surface of CBC13 carbon 

electrode during the discharging process in EC/DEC-based electrolyte, its charge transfer 

resistance would significantly increase, while the corresponding value in DEGDME-based 

electrolyte slightly changed. Additionally, the SEI impedance for the discharged electrode in EC/

DEC-based electrolyte are much higher than that of DEGDME-based electrolyte, implying the 

limited formation of a robust and thin SEI film on CBC13 carbon electrode in DEGDME-based 

electrolyte. On the one hand, the unconstrained generation of a thick SEI layer in EC/DEC-based

electrolyte would severely lower the initial reversibility/coulombic efficiency, sacrifice the 

electrolyte, and inhibit the facile diffusion of sodium ions. On the other hand, the self-limited 

formation of a robust but thin SEI layer in DEGDME-based electrolyte could effectively stabilize



the carbon structure, accommodate the expanded structure in discharged carbon, and further 

promote the rapid migration of sodium ions/solvated sodium ion compounds64, 68. 

The formation and evolution of SEI for CBC13 carbon black electrodes in DEGDME-

based electrolyte were also investigated by the highly surface-sensitive C K-edge X-ray 

absorption spectroscopies in TEY (Total Electron Yield) mode, as shown in Figure 5(d). For the 

pristine CBC13 carbon black, two obvious features at 285.4 and 292.4 eV should correspond to 

the transitions of C 1s electrons toward the π*(C-C) and σ*(C-C) orbitals110 , respectively, while 

the peak at 288.2 eV is related to the π*(C=O) transitions110-113. Upon discharging to 0.001 V, the 

peaks for the π*(C-C) and π*(C=O) transitions shift negatively and the σ*(C-C) feature 

completely disappears. Importantly, a newly-formed sharp peak around 290.0 eV regarding the 

σ*(C-O) transitions for the oxygen-containing functional groups82, 113-114 and a broad peak around 

301.0 eV as the σ*(C=O) feature82, 114-115, can be clearly identified in the XAS measurements, as a

strong evidence for the electrolyte decomposition and the subsequent SEI generation. When 

charged the electrode back to 2.5 V, the π*(C-C) feature moves to the initial position at 285.4 eV

and the peak for σ(C-C)* transition reappears around 292.4 eV. Noticeably, the π*(C=O) peak 

do not change its position as well as intensity while the σ*(C-O) feature still maintains its 

previous position but with a comparatively lower intensity. The persistence of the σ*(C-O) 

feature and irreversibility of the π*(C=O) peak elucidate the preservation of a robust SEI thin 

film, which could not only efficiently facilitate the migration of sodium ions and solvated 

compounds in electrolyte/interphase/electrode, but also effectively accommodate the volume 

variations during the cycling and further avoid the overconsumption of electrolyte, leading to a 

highly reversible capacity and an exceptional rate capability. 



Figure 6 (a) CV curves of CBC13 carbon black at various scan rates. (b) Calculated b-values

plotted against the battery potentials for CBC13 carbon black in cathodic (sodiation) process. (c)

Capacitive contribution at a scan rate of 0.2 mV S-1. (d) Contribution ratios of capacitive capacity

at various scan rates.

While  the  diffusion-controlled  intercalations  of  sodium ions/solvated  compounds  into

graphitic/amorphous  structures  would  primarily  determine  the  electrochemical  properties  of

CBC13 carbon black, the surface-induced capacitive reactions by absorbing these species into

cavities/nanopores  would  also  play  a  vital  role  in  charge  storage  process  of  carbon  anode

materials for SIBs49, 56, 85, 89, 95, 116-119. Consequently, the CV measurements at various scan rates in

Figure  6(a)  were  conducted  to  accurately  quantify  the  diffusive/capacitive  contributions  and

further  clarify  the  sodium  storage  mechanism  during  the  sodiation/desodiation  processes.



Theoretically,  the relationship between current response and scan rate can be expressed by a

classical power-law formula: 

                                                                    i(V )=a vb                                                                (1)

where i(V) (mA) is the absolute value of current response at a specific voltage of V and a

corresponding scan rate of  v (mV s-1), while  a and  b are adjustable values. Based on a simple

linear fitting of log (|i(V)|) versus log(v) plot, the  b value can be easily obtained for a specific

potential at a certain scan rate. It has been generally recognized that the b value of 0.5 represents

a typical diffusion-controlled intercalation reaction, and the b value of 1.0 in a linear relationship

of  current  response  with  scan  rate  further  corresponds  to  a  capacitance-dominated  charge

storage. As displayed in Figure 6(b), 50 data points were selected to calculate the b values for

CBC13  carbon  black  at  different  potentials  in  the  sodiation  process  between  0.001~2.0  V.

Interestingly, the b value would initially approach 1.0 above 1.4 V, then rapidly drop to 0.6 at 1.1

V, subsequently increase to 0.98 at 0.8 V, and finally decreased to 0.59 at 0.01 V, indicating the

electrochemical  dominances  of  capacitive  reactions  at  high/medium  voltages  (>1.4  V  and

1.0~0.1 V) and intercalation reactions at  relatively low voltages (<0.1 V) with the particular

diffusion-controlled reactions around 1.1 V. Simultaneously, the flat CV curves in a rectangular

shape  at  high  voltages  for  various  scan  rates  also  prove  the  leading  function  of  capacitive

contribution in sodium storage, while the presence of cathodic/anodic peaks in redox reactions at

low voltages further exhibit the dominant role of diffusive contribution in charge storage. Even

though the voltage shift for anodic peaks from 0.2 to 2.0 mV s-1 could reach a relatively large

value  of  0.14  V,  the  cathodic  peaks  barely  changed  the  voltage  position,  hinting  a  low

electrochemical polarization and a promising reaction kinetics upon sodiation. On the basis of

equation (1), the contribution ratios of capacitive and diffusive reactions can be calculated by the

following equation:

                                                           i (V )=k1 v+k 2 v1 /2                                                          (2)

where k1v at a b value of 1.0 represents the capacitive contribution from surface reactions

and k2v1/2 at a b value of 0.5 corresponds to the diffusive contribution from intercalation reactions

in current response at a specific potential. Though a linear fitting of i(V)/v1/2 versus v1/2 profile at a



certain  potential  for  different  scan  rates,  the  corresponding  value  of  k1 can  be  immediately

acquired, while various k1 values could be further plotted against different potentials, resulting in

estimated capacitive contributions at various scan rates. When characterized at a scan rate of 0.2

mV s-1, the CBC13 carbon black would deliver a dominating capacitive contribution of 58.9% in

Figure 6(c), while the corresponding contribution areas are consistent with the predictions of b

values. As shown in Figure 6(d) and Figure S20(b-f), this key parameter would continuously

increase to 65.2%, 71.8%, 76.4, 79.9%, and 82.5% at scan rates of 0.4, 0.8, 1.2, 1.6, and 2.0 mV

s-1,  respectively,  demonstrating  the  strong capability  of  surface  oxygenated  functionalities  to

facilitate the rapid migrations of sodium ions/solvated compounds and boost the electrochemical

performances of CBC13 carbon black. 

With the assistance of an advantageously synergistic mechanism for sodium storage in 

ether-based electrolyte for carbon anode materials, the oxygenated functionalities could not only 

generate abundant pathways for migrations of sodium ions/solvated species, but also ensure a 

fast capacitive reaction on the defective surface, contributing to a large reversible capacity and 

an excellent rate capability. Meanwhile, the emergence of a robust but thin SEI film and the 

subsequent preservation would further stabilize the fragile porous structure for the functionalized

carbon black. The functionalized porous carbon with a superior cycle performance at 

exceptionally high rates, are very desirable for applications in grid energy storage with the 

requirements of a high energy density and a quick response. 

4. Conclusion

In summary, the functionalized porous carbon black derived from a CO2 thermal etching 

route was successfully applied as an anode material for SIBs. Benefitted from its abundant 

oxygenated functionalities and the desirable microporosity with the obvious pseudocapacitive 

behaviors, the etched carbon black could deliver an extremely large reversible capacity (505 

mAh g-1 at 50 mA g-1), an outstanding cycle stability (176 mAh g-1 at 3200 mA g-1 after 1000 

cycles), and an exceptional rate capability (126 mAh g-1 at 12800 mA g-1). As unearthed by the 

electrochemical and physiochemical characterizations, the controllable formation and the 

subsequent preservation of a robust but thin SEI film in the electrochemical reactions, could not 

only facilitate the migrations of sodium ions and solvated compounds, but also stabilize the 



fragile structure for porous carbon materials upon the sodium ion intercalation/extraction 

processes. At the same time, the surface-induced capacitive reactions on the defective surface 

would further contribute to the charge storage process upon sodiation. The novelty of oxygenated

functionalities on the promotion of sodium storage capability and the advantage of ether-based 

electrolytes for a controllable generation of a SEI thin film, have directly opened a new avenue 

for developing high-performance carbon anode materials for SIBs.
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