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a b s t r a c t

Carbon nanofibers (CNFs) have received extensive and in-depth studied as anodes for sodium-ion bat-

teries (SIBs), and yet their initial Coulombic efficiency and rate capability remain enormous challenge at

practical level. Herein, CNFs anchored with cobalt nanocluster (CNFs-Co) were prepared using chemical

vapor deposition and thermal reduction methods. The as-prepared CNFs-Co shows a high initial Coulom-

bic efficiency of 91% and a high specific discharge capacity of 246 mAh/g at 0.1 A/g after 200 cycles as

anode for SIBs. Meanwhile, the CNFs-Co anode still delivers a high cycling stability with 108 mAh/g after

1000 cycles at 10 A/g. These excellent electrochemical properties could be attributed to the involved spin

state Co, which endows CNFs with large interplanar spacing (0.39nm) and abundant vacancy defects. Im-

portantly, the spin state Co downshifts the p-band center of carbon and strengthens the Na+ adsorption

energy from −2.33 eV to −2.64 eV based on density functional theory calculation. This novel strategy of

modulating the carbon electronic structure by the spin state of magnetic metals provides a reference for

the development of high-performance carbon-based anode materials.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Currently, lithium-ion batteries (LIBs) have developed rapidly,

expanding from portable electronic devices to emerging electric

vehicles and smart grids [1,2]. Considering the scarcity of lithium

resources, the rational development and utilization of the earth’s

abundant elements are urgent and of great significance [3,4].

Among the abundant elements in the earth’s crust (O, Si, Al, Fe,

Ca, Na, K, Mg, Ti, P, and Mn), the physical-chemical properties of

sodium are closer to lithium than that of other elements. There-

fore, rechargeable sodium-ion batteries (SIBs) might be a potential

alternative to LIBs, which have received increasing research atten-

tion in recent years. Compared to LIBs, SIBs have lower capacity

density and power density due to the large Na+ size [4,5]. Mean-

while, Sodium ions are more difficult to participate in the charg-

ing and discharging processes due to their large size, which leads

to poor electrochemical performance [6,7]. From the perspective
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of the LIBs history, the research on anode materials is of great

significance for promoting their practical applications. Amorphous

carbon-based anode materials feature large disorders which makes

it possess high specific sodium storage capacity, low sodium stor-

age potential, and excellent cycling stability, becoming as anode

materials for SIBs. However, the low initial Coulombic efficiency

and poor cycle performance cause difficulty in their practice ap-

plications [8,9].

Carbon nanofibers (CNFs) exhibit large specific surface area and

porosity, thus exhibiting good sodium storage properties in car-

bonaceous materials [10–13]. For example, the fabricated CNFs via

an electrospinning technique exhibit excellent cycle stability of

97.7% capacity retention rate after 200 cycles [14]. Furthermore,

our previous work prepared braided porous carbon fibers by chem-

ical vapor deposition (CVD), which exhibit an outstanding dis-

charge capacity of 400 mAh/g at 0.1 A/g after 500 cycles [15].

These recently reported carbon anode materials have received sub-

stantial achievements. However, further improvements for CNFs

are urgent and challenging, such as specific capacity, first cycle
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Fig. 1. Microstructure characterizations of CNFs-Co. (a) Synthetic process, (b) FE-

SEM image, (c) TEM image, (d) HRTEM image (the inset is SAED pattern), and (e-h)

element mapping.

Coulombic efficiency [16], and commercialization cost [17]. Thus,

Ren et al. designed the channel structure to tune the microstruc-

ture of CNFs, which shows excellent cycle stability with a capacity

retention rate of 90% after 300 cycles at 0.4 C [18]. Moreover, het-

eroatom doping can change the structural properties of hard car-

bon. For example, the doped P/S expanded its interplanar spacing

and extended the capacity of the low-voltage platform, while the

doped P/B increased the defect concentration leading to the higher

inclined sloping sodiation capacity [19]. As an important strategy

to improve the sodium storage performance of CNFs, heteroatom

doping could change their microstructure and electronic state. And

then, affecting their conductivity and defect content ultimately im-

proved the sodium storage performance of CNFs [20].

In this study, CNFs with dense vacancies and uniform morphol-

ogy were successfully synthesized by roll-to-roll plasma-enhanced

CVD (RTR-PECVD) strategy, which are grown in situ on Al foil. CNFs

anchored with Co nanocluster (CNFs-Co) were prepared through

a simple thermal reduction method that reduces cobalt nitrate to

cobalt. The as-prepared CNFs-Co exhibits one-dimensional straight-

arm CNFs that wound around each other and establish an open

three-dimensional conductive network, thus facilitating rapid elec-

tron/ion transport and electrolyte penetration. Moreover, the added

magnetic Co nanoclusters endow CNFs with a larger specific sur-

face area, thus increasing the active sites and facilitating the trans-

portation of Na+. The density functional theory (DFT) calculation

indicates that CNFs-Co has stronger Na+ adsorption energy. The

as-prepared CNFs-Co as anode for SIBs shows a high specific ca-

pacity of 246 mAh/g at 0.1 A/g after 200 cycles, and the attenu-

ation is less than 1%. Meanwhile, the initial Coulombic efficiency

is 91%. Importantly, the specific capacity of the CNFs-Co anode is

104 mAh/g after 1000 cycles at 10 A/g, and the cycling efficiency

exceeds 99%. Moreover, the assembled CNFs-Co||Na3V2(PO4)3 full

cell delivers excellent Coulombic efficiency of stabilized above 99%

after 200 cycles and a high specific capacity of 185 mAh/g.

Fig. 1a illustrates the feasible manufacturing process for in-situ

CNFs growth on Al foils. Firstly, CNFs were directly grown on Al

foil (4×150 cm2) through RTR-PECVD method, which could realize

a single batch production (Fig. S1 in Supporting information). The

CNFs grown for 60min exhibited uniform straight-arm fiber mor-

phology with a diameter of ∼70nm (Fig. S2 in Supporting infor-

mation). Secondly, the CNFs were soaked in cobalt nitrate solution

and were reduced in H2 atmosphere for 1h. As exhibited in Fig.

1 and Fig. S3 (Supporting information), the CNFs-Co still exhibit

an uniform straight arm morphology with a diameter of approxi-

mately 100nm. Meanwhile, the C and Co are homogeneously dis-

tributed in CNFs-Co (Fig. 1e). To further distinguish the microstruc-

ture of CNFs-Co, transmission electron microscope (TEM) charac-

terizations were conducted. The lattice distance of 0.20nm for the

(111) crystal plane of Co nanoclusters was observed in Fig. 1d,

which is strongly supported by the selected area electron diffrac-

tion (SAED) pattern (inset in Fig. 1d) [21]. Around Co nanoclusters,

the carbon interplaner crystal spacing (0.39nm) is larger than that

of graphite (0.33nm) [22]. Moreover, many vacancy defects formed

in the CNFs-Co (green circles in Fig. 1d), thus providing more ac-

tive sites for the adsorption of Na+ [23].

The X-ray diffraction (XRD) pattern of the as-prepared CNFs

shows two broad diffraction peaks (Fig. 2a), which correspond to

the (002) and (100) planes of graphite, respectively [24]. And the

broadness indicates the amorphous feature of CNFs. The CNFs-Co

shows a similar XRD pattern with CNFs and no peaks for Co were

detected. This result is suggesting a trace amount of added Co.

In addition, Raman spectra in Fig. 2b shows two typical D and

G bands at 1340 and 1598 cm−1 in both CNFs-Co and CNFs. This

bands are ascribed to the disordered sp3 carbon for the D band and

ordered sp2 graphitic carbon for the G band, respectively [25]. The

D band reflects the defects and disorder degree of carbon while the

G band demonstrates the stretching of sp2. Importantly, the inten-

sity ratio of the G to D band of CNFs-Co (IG/ID =1.04) is higher than

that of CNF (IG/ID =1.00), related to higher graphitization degree

of CNFs-Co [26]. As shown in Fig. 2c, a significant weight variation

of CNFs-Co was received from a thermogravimetry analysis (TGA),

which should be caused by the process of Co oxidizing into Co3O4

and carbon combustion in the air atmosphere. The Co content de-

termined from TGA is 0.12% (Fig. S4 in Supporting information),

signifying Co nanoclusters in CNFs-Co almost have no contribution

to the capacity. This result demonstrates the improved capacity is

mainly from the modification of carbon.

X-ray photoelectron spectroscopy (XPS) is an effective way to

investigate surface chemistry and composition. As shown in Fig. 2d,

two distinct peaks at 285 and 532 eV were observed corresponding

to the C 1s and O 1s peaks, respectively. This suggests that CNFs

contains C and O elements. Fig. 2e shows the peaks of C 1s in CNFs

and CNFs-Co. The C 1s peak can be mainly deconvoluted into four

subpeaks at 284.76, 285.1, 286.6, and 287.3 eV, which correspond

to C-sp2, C-sp3, C–O, and C=O, respectively [27,28]. Compared to

CNFs, the graphitization degree of CNFs-Co was improved. The ra-

tio of sp2/sp3 of CNFs-Co increased, and the percentage of the sp2

carbon increased in CNFs-Co relative to CNFs. These XPS results are

consistent with the Raman characterizations. The Co 2p XPS spec-

trum of CNFs-Co shows two split peaks at 778.1 eV and 794.5 eV

(Fig. 2f), which can be ascribed to metallic Co (Co0). Moreover,

other valence state species for Co can also be observed, which are

associated with the partially oxidized Co nanoclusters [29].

The first discharge cycle for CNFs-Co features a distinct irre-

versible peak at 0.7V (Fig. 3a). This phenomenon corresponds to

electrolyte decomposition and the formation of a solid electrolyte

interface (SEI) film on the electrode surface. The SEI may lead

to partial Na+ consumption and electrolyte degradation [30]. The

curves occur overlap almost completely in the following cycles, in-

dicating the formed SEI film has stabilized. As shown in Fig. 3b

and Fig. S5 (Supporting information), the formed SEI film becomes

stable in the second cycle CV curves for both CNFs-Co and CNFs

in the voltage range of 0.01–3.0V at 0.1mV/s. Similarly, the dis-

charge/charge voltage profiles of CNFs-Co at 0.1 A/g exhibit overlap

except for the first curve, which shows that the CNFs-Co electrode

has excellent reversibility. Moreover, an ester-based electrolyte was
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Fig. 2. Phase and electronic structure measurements for CNFs-Co and CNFs. (a) XRD pattern, (b) Raman spectra, (c) TGA curve, (d) XPS survey spectra of CNFs and CNFs-Co.

(e, f) High-resolution XPS spectrum of C 1s and Co 2p.

Fig. 3. Electrochemical properties of CNFs-Co and CNFs. (a) CV curves of CNFs-Co at 0.1mV/s. (b) Second cycle CV curves at 0.1mV/s. (c) Discharge/charge voltage profiles of

CNFs-Co at 0.1 A/g. (d) Cycle performance at 0.1 A/g. (e) Rate capability. (f) EIS spectra. (g) Long-term cycling performance at 10 A/g and (h) Cycle performance of the full

cell at 0.1 A/g.

used to operate SIBs (Fig. S6 in Supporting information) and to re-

veal the universality of CNFs-Co and CNFs anode materials in dif-

ferent types of electrolytes. A similar property change trend in the

diglyme-based and ester-based electrolytes was obtained, further

confirming the stability of the prepared anode materials.

Benefiting from the superior kinetic synergy of the added

Co and diglyme-based electrolyte, CNFs-Co shows excellent long-

term cycling performance at 0.1 A/g than that of CNFs (Fig. 3d).

Compared with the ester-based electrolyte (Fig. S6d), the ini-

tial Coulombic efficiency of CNFs-Co in the diglyme-based elec-

trolyte improves from 87% to 91%. After 200 cycles, a high spe-

cific capacity of 246 mAh/g with a low capacity fading rate is

obtained and the Coulombic efficiency is over 99%. Conversely,

the CNFs anode exhibits an unstable-low specific capacity (157

mAh/g) and Coulombic efficiency (97%). Thus, CNFs-Co exhibits ex-

cellent sodium storage capability and stable cycling performance

than that of CNFs. Furthermore, the high-rate capability of CNFs-

Co is superior to CNFs, which can be attributed to its outstanding

conductivity, effective adsorption, and enhanced reaction kinetics

(Fig. 3e). In a CNFs-Co cell, with the stepwise increasing current

density from 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 A/g to 10.0 A/g, the corre-

sponding average discharge capacity declined from 264, 243, 212,

176, 145, 125 mAh/g to 108 mAh/g, respectively. More promisingly,

the CNFs-Co cell shows a remarkable structural stability and the

capacity reverses to 251 mAh/g as the current density returns to

0.1 A/g. In contrast, the CNFs cell shows a rapid capacity decay

with the current density increase, while delivers a inferior dis-

charge capacity of 51 mAh/g at 10 A/g. The fast reaction kinet-

ics of CNFs-Co can be further confirmed by the electrochemical

impedance spectroscopy (EIS). As shown in Fig. 3f, the Nyquist

plots consist of a sloping straight line in the low-frequency re-

gion and a semicircle in the high-frequency region, which are con-
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Fig. 4. Theoretical calculations of CNFs-Co and CNFs. (a) The total density of states

(TDOS) and p-band center. (b) Electron orbital diagram. (c) DOS of CNFs-Co. (d)

Projected DOS (PDOS) of Co. (e) Adsorption energy of Na ion and (f) The difference

charge density of Na+ absorbed on different carbon structures (Yellow and blue re-

gions represent charge accumulation and depletion, respectively. Brown, pink, and

yellow balls represent C, Co, and Na atoms, respectively).

trolled by diffusion and charge transfer, respectively [31]. Comb-

ing the equivalent circuit model (inset in Fig. 3f), the charge trans-

fer resistance (Rct) of the CNFs-Co is determined to be 220 � and

lower than that of CNFs, suggesting the enhanced electron transfer

ability. A gradual increase capacity for CNFs-Co is observed in the

first 300 cycles (Fig. 3g), and a new irreversible SEI film gradually

forms on its surface as the cycles operating at 10 A/g. The CNFs-Co

shows remarkable cycling stability for high-power SIBs, which pos-

sesses high specific capacity with 104 mAh/g after 1000 cycles and

a high Coulombic efficiency with 99.9%. Whereas, an unstable spe-

cific capacity (51 mAh/g) and Coulombic efficiency are obtained in

CNFs cell. To verify the practical Coulombic efficiency of the CNFs-

Co battery, we assembled CNFs-Co||Na3V2(PO4)3 full cells, in which

all electrodes had been activated before using (Fig. 3h). The CNFs-

Co||Na3V2(PO4)3 full cells show excellent Coulombic efficiency that

exceeds 99% even after 200 cycles and high discharge specific ca-

pacity of 185 mAh/g. A poor specific capacity (110 mAh/g) and

Coulombic efficiency (92%) are received in CNFs||Na3V2(PO4)3 full

cells. These results suggest that the added spin state Co nanoclus-

ters improve the electrochemical performance of CNFs for SIBs.

To further reveal the high-efficiency sodium storage mechanism

of CNFs-Co, DFT calculations were conducted to explore how Co

nanoclusters affect Na+ adsorption behavior. Per the previous stud-

ies [15], Na+ tends to preferentially adsorbed at the vacancy de-

fects of CNFs. Anchoring spin state Co nanoclusters at the vacancy

defects (Fig. S7 in Supporting information), the order degree of

lattice structure around Co would be improved, which provides a

channel for the rapid transport of Na+. The total density of states

(TDOS) and p-band center of C were calculated to deeply explain

how the related physical parameters influence SIBs. The CNFs-Co

exhibits a higher TDOS near the Fermi level than that of CNFs (Fig.

4a), improves Na+ storage capacity and increases electronic con-

ductivity. As shown in Fig. 4b, the added Co induces the orbital

hybridization of C p and Co d, thus downshifting the p-band cen-

ter of C from −5.50 eV in CNFs to −6.36 eV in CNFs-Co. The lower

p-band center suggests the partially filled anti-bonding state of C

orbital, revealing the anchored magnetic Co nanoclusters can opti-

mize the adsorption of Na+ on the carbon active sites in CNFs-Co.

Meanwhile, the high p-band center in CNFs means the empty anti-

bonding state of C, thus exhibiting a weak Na+ adsorption. Fur-

thermore, the introduction of Co leads to spin polarization near

the Fermi level in DOS of C, manifesting as the asymmetric dis-

tribution of spin up and spin down in the DOS (Figs. 4a and c).

In Figs. S8b and S9a (Supporting information), the state projected

density (PDOS) of C is mainly contributed by p orbital, and the an-

chored magnetic Co nanoclusters caused asymmetric distribution

of the PDOS of C p orbital. Importantly, the spin polarization states

near the Fermi level mainly result from the Co d orbital, which

mainly contributes conduction band rather than valence band (Fig.

4d). The state density of other elements in CNFs and CNFs-Co is

shown in Figs. S8 and S9 (Supporting information). To clarify the

correlation mechanism between p-band center of C and cyclic sta-

bility, we calculated the adsorption energy of Na+ on CNFs-Co and

CNFs. The adsorption energy (�Ead) of Na
+ on CNFs-Co is −2.64 eV

(Fig. 4e), which is lower than that of CNFs (−2.33 eV). This result

demonstrates a more strengthened Na+ adsorption derived form

the influence of spin state Co. The difference in charge density

caused by spin state cobalt leads to substantial electron redistri-

bution at active sites, which further proves the improved Na+ ad-

sorption (Fig. 4f). Meanwhile, Na+ adsorbed on carbon site exhibits

a higher electron transfer efficiency than that of Co site. The above

DFT calculations confirm that spin state Co could modulate the p-

band center of carbon and promote the Na+ adsorption.

In summary, CNFs anchored with magnetic Co nanoclusters ex-

hibit outstanding physicochemical properties. The CNFs-Co features

large interplanar spacing (0.39nm) and abundant vacancy defects.

The spin state Co downshifts the p-band center of carbon and then

promotes the adsorption of Na+. The CNFs-Co anode exhibits excel-

lent sodium storage performance with a high power property with

108 mAh/g after 1000 cycles at 10 A/g. This study provides a novel

strategy for developing high performance anode materials for SIBs.
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