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Short Communication 

Graphitic biogas-derived nanofibers as cathodes for sodium dual-ion 
batteries: Intercalation of PF6

− anions 
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A B S T R A C T   

The electrochemical intercalation of PF6
− anions into graphitic nanomaterials of renewable origin with different 

degrees of structural order to be subsequently used as cathodes for sodium dual-ion batteries is herein investi-
gated for the first time. Overall, the electrochemical performance of the biogas-derived carbon nanofibers de-
pends on their graphitic structure, specifically on crystallite height which was found to be the determining 
parameter for the scope of electrochemical intercalation of PF6

− anions into these nanomaterials.   

1. Introduction 

Biogas is mostly used for the production of heat and electricity by 
combustion. An interesting option is the catalytic decomposition of 
biogas (CDB) to obtain syngas and carbon nanofibers (BCNFs) which can 
be graphitized [1,2]. Graphitic nanomaterials of renewable origin with a 
degree of structural order comparable to oil-derived graphite have been 
obtained [2]. Graphitized BCNFs have successfully been applied as an-
odes in lithium-ion batteries (LIBs) [3], and in sodium-ion batteries 
(SIBs) [4] which are a sustainable alternative to LIBs because of the 
greater abundance, lower cost, and environmentally-friendly nature of 
sodium-containing precursors [5]. 

Considering the redox-amphoteric character of the graphitic mate-
rials, this study explores the electrochemical intercalation of PF6

− anions 
in graphitized BCNFs from a sodium salt-based electrolyte to be subse-
quently used as cathodes for sodium dual-ion batteries (Na-DIBs). Oil- 
derived synthetic graphite [6–9] as well as other carbon materials 
[10] have recently been examined for this application, however, this is 
the first study in which graphitic materials of renewable origin are 
investigated. Na-DIB operation is based on the reversible intercalation of 
anions and cations from the electrolyte sodium salt in the cathode and 
the anode, respectively, during charge, while the reverse process occurs 
during discharge. The battery energy density depends on anion inter-
calation capacity at the cathode working voltage (≥5 V) [6]. These novel 
batteries are a promising alternative to SIBs since they may use low-cost 
and readily available carbon materials in both electrodes. 

2. Experimental 

BCNFs were produced by CDB and graphitized by heating at 
2600–2800 ◦C as described previously [2]. The interlayer spacing, d002, 
and the mean crystallites sizes along a, La (graphitic domain length), and 
c, Lc (graphitic domain height) axes, as well as the relative intensity of 
the D-band, ID/It (It = IG + ID + ID’), and the width of the G-band, WG, of 
the graphitized BCNFs (from this point forward BCNFs) were deter-
mined from the X-ray diffractograms and the first-order Raman spectra 
(1250–1700 cm− 1), respectively, as explained in ref. 2. These XRD and 
Raman parameters were used to assess the degree of BCNF graphitic 
structural order [11]. Moreover, the BCNF BET surface areas, SBET, were 
calculated by applying the Brunauer-Emmett-Teller method to their 
nitrogen adsorption–desorption isotherms [2]. 

BCNF SEM images were obtained with a Quanta FEG 650 microscope 
using an accelerating voltage of 25 kV and Everhart-Thornley secondary 
electron detector (ETD). The materials were attached to an aluminum 
pin stub using conductive double-sided adhesive carbon tape. No further 
coating was used. 

The working electrode (WE) composition was 70 wt% of BCNFs, 20 
wt% of sodium carboxymethylcellulose binder and 10 wt% of carbon 
black electrical conductive additive. WEs were prepared by tape-casting 
using a standard doctor blade of 450 µm gap and cutting 12 mm 
diameter-electrodes which were stored in a glove box under Ar with 
oxygen and water below 0.1 ppm as reported in ref. 12. Average BCNF 
cathodes load of 1.8 mg cm− 2 were determined. Two-electrode (WE and 
CE, counter electrode) Swagelok-type cells were used to estimate the 
electrochemical intercalation of PF6

− anions in the BCNFs. The 
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electrolyte, which was prepared and stored inside the glove box, con-
sisted of a 1.2 M solution of sodium hexafluorophosphate, NaPF6, salt 
(>99% purity, dried at 80 ◦C under vacuum) in a 1:1 mixture (w:w) of 
ethylene carbonate, EC, (99.9% purity) and ethyl methyl carbonate, 
EMC, (99.9% purity), henceforth denoted as 1.2MNaPF6/EC:EMC. A 
metallic sodium (dry Na ≥ 99.99 wt% purity) disc 12 mm in diameter 
was the CE. WE and CE electrodes were separated by two microfiber 
glass discs of 12 mm diameter soaked with 75 µl of 1.2MNaPF6/EC:EMC. 
The initial potential of the cells, which were assembled in the glove box, 
was 2.5–3.0 V vs. Na/Na+. The terms potential vs. Na/Na+ and voltage 
will be used interchangeably since the cell potential always refers to the 
Na/Na+ redox pair. Galvanostatic cycling were performed in a Biologic 
battery testing system (BCS810) in the voltage range between 2.9 and 
5.0 V at a current density of 372.0 mA g− 1 during 1000 char-
ge–discharge cycles. Electrochemistry Impedance Spectroscopy (EIS) 
measurements were performed with the cells allowed to relax in open 
potential circuit for 4 h to get a quasi-equilibrium system. Experiments 
were then carried out by applying an AC voltage signal of 5 mV from 
100 kHz to 10 mHz. 

3. Results and discussion 

Interlayer spacing d002, mean crystallite sizes Lc and La, G-Raman 
band width WG and D-Raman band relative intensity ID/It, and BET 
surface area of BCNFs are given in Table 1. Although all are graphitic 
materials, i.e. d002 values ≤ 0.3440 nm according to the Franklin 
ranking [13], the degree of graphitic structural order follows the 
sequence BCNF1 ≈ BCNF2 ≈ BCNF3 < BCNF4 < BCNF5 < BCNF6 as 
shown by the crystallite sizes, particularly the height Lc, which is an 
estimation of the graphite-type three-dimensional structure order since 
it is related to the average number of parallel stacked graphene layers 
through the equation N = Lc/d002. Thus, while BCNF6, BCNF5 and 
BCNF4 have N values of ~ 144, ~ 102 and ~ 38, respectively, this 
parameter is around 20–21 for BCNF1-3. Raman data of the materials 
are consistent with the above XRD results (Table 1). As seen, values of 
the ID/It parameter, which is a measurement of the material structural 
defects, of 32%, 30%, 18% and 11% were calculated for BCNF3, BCNF4, 
BCNF5 and BCNF6, respectively, with increasing degree of structural 
order. Moreover, a parallel narrowing of the G band, WG, was observed 
that is related to an increase of the size and/or orientation of the 
graphitic domains [11]. The improvement of BCNF structural order 
which is associated with the growth of the graphitic domain sizes and 
the removal of the structural defects leads to a decrease in material 
porosity, i.e. surface area (Table 1). As regards morphology, BCNFs are 
filamentous tangled nanocarbons with no differences between them as 
seen in Fig. 1 in which some SEM micrographs, specifically, those of 
BCNF2, BCNF4, BCNF5 and BCNF6 are shown. 

Fig. 2 shows the specific capacity and the coulombic efficiency (Ef) 
versus cycle number plots obtained in the prolonged cycling (1000 cy-
cles) of BCNF cathodes (versus metallic sodium) at a current density of 
372.0 mA g− 1 in the 2.9–5.0 V vs. Na/Na+ potential range, in 
1.2MNaPF6/EC:EMC electrolyte. Overall, these cathodes display 
remarkable cycling stability, particularly after the initial cycles in which 

Table 1 
Interlayer spacing d002, crystallite sizes Lc and La, G-Raman band width WG and 
D-Raman band relative intensity ID/It (It = IG + ID + ID’), and BET surface area of 
the biogas-derived carbon nanofibers (BCNFs).  

Material d002 

(nm) 
Lc 

(nm) 
La 

(nm) 
WG 

(cm− 1) 
ID/It 
(%) 

SBET (m2 

g− 1) 

BCNF1  0.3422  6.9  22.9 29 37 62 
BCNF2  0.3417  7.3  28.9 27 32  
BCNF3  0.3420  7.0  26.9 29 32 58 
BCNF4  0.3386  12.8  48.7 25 30 60 
BCNF5  0.3362  34.4  56.6 20 18 54 
BCNF6  0.3363  48.3  103.3 20 11 36  

Fig. 1. SEM images at 300000× of BCNF2 (a), BCNF4 (b), BCNF5 (c) and 
BCNF6 (d) graphitic nanomaterials. 

Fig. 2. Specific capacity (a) and coulombic efficiency (b) versus cycle number 
plots of BCNF cathodes at 372.0 mA g− 1, in the 2.9–5.0 V voltage range, using 
1.2MNaPF6/EC:EMC as electrolyte. 
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electrolyte decomposition on the cathode surface at high potential and 
activation of the intercalation process are known to occur [7,8,12], with 
average capacity retention values > 90% for charge and discharge 
processes (Fig. 2a). Similarly, Ef was significantly improved after these 
initial cycles (Fig. 2b). BCNF6, with the highest degree of graphitic 
order, showed the best electrochemical performance (Table 1, Fig. 2). 
This material exhibits a discharge capacity of ~ 62 mAh g− 1 at the end of 
cycling with an Ef of ~ 99%. Cathode capacities increase progressively 
with BCNF crystallite height. Thus, PF6

− anion intercalation capacities of 
~ 25, ~ 37, ~ 43 and ~ 63 mAh g− 1 were determined, after 1000 cycles, 
for BCNF3, BCNF4, BCNF5 and BCNF6 with Lc of ~ 7, ~ 13, ~ 34 and ~ 
48 nm, respectively; whereas BCNF1, BCNF2 as well as BCNF3 with a 
similar Lc of ~ 7 nm show comparable capacity. These results are 
somewhat expected since, as mentioned, the number of parallel stacked 
graphene layers in which PF6

− anions could be intercalated is related to 
Lc. At the same time, they confirm the intercalation mechanism of the 
PF6

− anions into the BCNF cathode during the electrochemical process. In 
fact, good linear correlation with R2 coefficients > 0.9 is attained be-
tween this crystalline parameter and the charge capacity (Table 1, 
Fig. 2). In this context, Lc was found to be the most important parameter 
affecting the extension of Li+ ion intercalation in graphitic methane- 
based carbon nanofibers when used as LIB anodes [13]. Since in these 
nanomaterials La grows almost in parallel with Lc, the specific capacity 
of BCNF cathodes also appears related to that parameter. Nevertheless 
the exact impact of La on the BCNF capacity is still unclear. 

To analyze these results, EIS measurements of BCNF1, BCNF2 and 
BCNF5 electrodes were performed as described in the experimental 
section. The corresponding Nyquist plots are reported in Fig. 3. All show 
a semicircle in the medium frequency region attributed to the charge 
transfer resistance on the cathode-electrolyte interface (RCT) and a 
sloping straight line at low frequencies which is related to diffusion 
resistance in the electrode (Warburg resistance, ZW). BCNF5 cathode 
exhibits much lower values of the resistance to the charge transfer 
(smaller semicircle) than BCNF1 and BCNF2, explaining the much better 
electrochemical performance of the former (Fig. 2). 

To gain further insight into the improvement of the cathode elec-
trochemical performance with BCNF graphitic degree, the differential 
capacity plots against potential (vs. Na/Na+) for the intercalation and 
de-intercalation of PF6

− anions are comparatively studied. As an 
example, the plots for cycle 400 of BCNF3, BCNF4, BCNF5 and BCNF6 
cathodes are displayed in Fig. 4. This shows that the increase of BCNF 
graphitic degree involves more and sharper PF6

− anion intercalation/de- 
intercalation peaks, i.e. process stages, which is related to a more 
kinetically favorable electrochemical process, therefore accounting for 
the observed improvement of the specific capacity (Fig. 2) [7,8]. At the 
same time, a reduction of the intercalation onset potential (voltage at 
which the PF6

− anion intercalation starts) occurs which implies that less 

work is needed for anion intercalation into BCNFs. Thus, by arbitrarily 
considering the onset potential when the differential capacity values are 
50 mAh g− 1 V− 1, the anion uptake potential follows the sequence 
BCNF6 < BCNF5 < BCNF4 ≈ BCNF3 (Fig. 4). A similar trend was 
recently reported for the intercalation of TFSI− anions from a lithium- 
based salt in carbon materials with different degrees of graphitization 
[14]. The decrease of the onset potential is an indication of lower over- 
potentials which are responsible for the increased DIB capacity [15,16]. 

Finally, the self-discharge performance of the semi-cells with the 
different BCNFs as cathodes was investigated by charging them to the 
upper cut-off voltage of 5.0 V vs. Na/Na+ at 372 mA g− 1 and kept in 
open-circuit voltage for 12 h. It can be observed in Fig. 5 that after this 
time, all cells were fully self-discharged reaching potentials of ~ 3.0 V. 
However, it is worth noting that the rate of the cell voltage drop tends to 
decrease as the graphitic degree of the BCNFs increases (Table 1, Fig. 5). 
Specifically, after 1 h of relaxation time, BCNF1- and BCNF6-based cells 
show voltages of ~ 3.39 V and ~ 4.35 V, respectively. 

4. Conclusions 

The electrochemical performance of the BCNFs as cathodes for Na- 
DIBs depends on their graphitic structure. The BCNF graphitic domain 
height was found to be the determining parameter for the scope of the 
electrochemical intercalation of PF6

− anions into these nanomaterials. 
Among the BCNFs, BCNF6, with the highest value for this parameter, 
showed the best electrochemical performance as regards specific ca-
pacity, capacity retention during cycling, and coulombic efficiency due 

Fig. 3. Nyquist plots from EIS analysis of BCNF1, BCNF2 and BCNF5 cathodes.  

Fig. 4. Differential capacity against potential vs. Na/Na+ plot for 400th cycle 
of BCNF cathodes at 372.0 mA g− 1 in the 2.9–5.0 V voltage range, using 
1.2MNaPF6/EC:EMC as electrolyte. 

Fig. 5. Potential vs. Na/Na+ against time plots after charging the BCNFs-based 
cells to 5.0 V at 372 mA g− 1 and kept in open-circuit voltage for 12 h. 
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to the decrease in the PF6
− anion intercalation onset potential and the 

improvement of the process intercalation/de-intercalation stages. 
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