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This study focuses on the systematic development of free‑standing mats consisting of nonwoven carbon 
nanofibers (CNFs) via electrospinning for a lithium–oxygen battery (LOB) cathode. Electrospun fiber mats 
prepared using a polyacrylonitrile polymer were carbonized to CNFs at various temperatures ranging 
from 800 to 1200 °C. The diameter of the CNFs was controlled from 500 to 100 nm. The graphitization 
degree of the CNFs increased with increasing carbonization temperatures and decreasing CNF diameters 
and, thus, generated a higher electrical conductivity. The electrochemical performance of CNF cathodes 
with the different physicochemical properties was systematically evaluated together with close 
observation of discharge products and gas analyses. The LOB cell using the CNF‑100–1200 cathode, 
with the smallest diameter and highest graphitization degree, exhibited the interesting galvanostatic 
performance with specific capacity of 7832 mAh/g at 200 mA/g and a cycle stability of 173 cycles with a 
cut‑off capacity of 1000 mAh/g at 500 mA/g among the samples.

Introduction
Currently, energy storage and conversion technologies have 
been attracting increasing attention owing to the shortage of 
fossil fuels and increase in  CO2 emissions. Lithium–oxygen 
(Li‒O2) batteries are among the most promising electrochem-
ical energy storage systems because of their high theoretical 
energy density (11,972 Wh/kg), which is considerably larger 
than that of current Li-ion batteries (approximately 250 Wh/
kg) [1, 2]. A typical non-aqueous Li‒O2 battery comprises a 
Li metal anode, aprotic electrolyte, separator, and porous air 
cathode. Each component has its own drawbacks, resulting in 
Li‒O2 batteries with large polarizations, poor cycling stabili-
ties, and low rate capabilities [3–5]. Among them, the substan-
tial limitations of Li‒O2 batteries are related to the cathode, 
which serves as a reaction site for the discharge and charge 
processes,  2Li+  +  O2 +  2e− ↔  Li2O2 [5, 6]. The discharge 
product, namely solid  Li2O2, is insulating and insoluble in an 

electrolyte and might accumulate and clog porous channels 
that are available for  O2 permeation in the electrode or block 
active centers [7]. In addition, the charging process, involv-
ing the decomposition of solid  Li2O2, has sluggish kinetics, 
which must overcome the high energy barrier leading to a 
large overpotential [8]. Carbon is one of the most attractive 
porous matrices for oxygen cathodes because it possesses a 
sufficiently high conductivity and tunable porous structure. 
Accordingly, many recent efforts have focused on the use of 
carbon-based cathodes to enhance the overall performance of 
Li‒O2 batteries [9–11].

Generally, carbon-based cathodes for Li‒O2 batteries are 
constructed by casting a slurry containing the active mate-
rial and polymer binder on the framework of the supporting 
materials, such as a Ni foam/mesh or carbon paper. However, 
conventional binders, such as PVDF or PTFE, cause undesir-
able reactions under nucleophilic attack from oxygen species 
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[12, 13]. Therefore, numerous research efforts have been 
devoted to fabricating binder-free carbon-base electrodes [6, 
14–16]. Indeed, 1D carbon and 2D graphene have matured 
into the most promising free-standing carbon material for LOB 
cathode.

The 1D carbon nanofiber (CNF) is a promising candidate 
among carbonaceous Li-O2 cathode materials due to its rapid 
 Li+/e− diffusion, high electrical conductivities, and free-stand-
ing characteristics [10, 15, 17]. The production of CNF can be 
achieved by carbonizing electrospun polymer nanofibers under 
specific conditions. Compared with 1D carbon nanotubes, 
electrospun CNFs have unique advantages, such as low fabri-
cation costs and flexibility in creating various morphological 
features. In particular, electrospun CNFs and their composites 
can be readily processed into self-standing 3D membranes that 
have high porosity, good pore interconnectivity, accommodate 
discharge materials, and facile oxygen diffusion [17]. To date, 
many research groups have successfully prepared free-standing 
CNF-based electrospun electrodes for energy storage. How-
ever, the prepared CNF electrodes are brittle, have uneven mat 
surfaces, or require pre- or post-treatment processes to form 
hierarchically porous CNFs. This may influence their practical 
use in Li–O2 batteries [18–20]. Moreover, most of the previous 
studies in the CNF field primarily focused on incorporating 
advanced catalysts, such as CoNi/CNF [21] or  Mn3O4/CNF 
[22] into Li-O2 battery cathode materials, neglecting the cru-
cial factors of nanoscale dimensions and graphitization degree 
of electrospun CNFs. Recent reports have demonstrated that 
the size effects and carbonization procedures of carbon or CNF 
can influence the performances of Li-ion anode materials [23, 
24]. The simulation results in Chen’s report show that the size 
of CNF and CNT can affect the electrical resistance of the dis-
charge product of Li–O2 battery [25]. The impact of these fac-
tors on the electrochemical performance of CNFs as cathodes 
for Li-O2 batteries has been largely overlooked.

In this study, uniform CNF with different physicochemi-
cal properties such as diameter and electronic structure were 
controlled by manipulating the fabrication conditions, and 
simultaneously their effect on the performance of Li‒O2 bat-
tery was investigated. Electrospun fiber mats fabricated using 
a polyacrylonitrile (PAN) in N,N-dimethylformamide solution 
were pyrolyzed at various carbonization temperatures ranging 
from 800 to 1200 °C to produce free-standing and nonwoven 
CNF mats. Furthermore, the diameter of the CNFs could be 
readily controlled from 500 to 100 nm by changing the con-
centration of the electrospinning solution and feed rate. The 
morphology and electronic structure of the CNF samples were 
examined, and their electrochemical performance as cathodes 
in Li‒O2 battery cells was systematically investigated, includ-
ing gas analyses. Owing to the geometrical advantages of elec-
trospun CNF, which are not blocked or degraded by  Li2O2, we 

have figured out that both the graphitization degree and diam-
eter play a significant role in altering the nucleation and growth 
process of discharge product. In situ differential electrochemi-
cal mass spectroscopy (DEMS) and electrochemical impedance 
spectroscopy (EIS) were also employed to study the influence of 
the physicochemical properties on carbonate formation which 
affects cyclability. Consequently, the results indicated that CNF 
cathodes with smaller fiber diameters carbonized at elevated 
temperatures exhibited higher electrochemical performance, 
long-term cycles in a Li‒O2 battery cell owing to their higher 
surface area, graphitization degree, electrical conductivity, and 
fiber density.

Results and discussions
To investigate the effect of the carbonization temperature on the 
morphology and electronic structure of CNFs, electrospun PAN 
NF mats were carbonized at different temperatures. Using a 10 
wt% PAN electrospinning solution, a PAN NF mat with an aver-
age diameter of 430 nm was obtained (Fig. S1 in the Supporting 
Information (SI)), which was subsequently carbonized at differ-
ent temperatures. Figure 1(a, b and c) show scanning electron 
microscope (SEM) images of the CNFs prepared at carboniza-
tion temperatures of 800, 1000, and 1200 °C, respectively. All 
samples presented a network of nonwoven NFs with similar and 
uniform average diameters of approximately 300 nm. This result 
implies that most of the PAN was carbonized at temperatures 
above 800 °C. The interconnected pores between the individual 
CNFs were a few micrometers in size. Figure 1(d) shows the 
Raman spectra acquired from CNFs prepared at different car-
bonization temperatures. All spectra displayed two main bands 
at approximately 1345 and 1588  cm−1, corresponding to the D 
and G bands, respectively. The ratios of the intensities of the 
bands (ID/IG) of the CNFs carbonized at different temperatures 
of 800, 1000, and 1200 °C were 0.95, 0.94, and 0.89, respectively. 
In general, electrospun and carbonized CNFs are random non-
woven mats with many turbostratic carbon crystallites on their 
surfaces. Thus, the orientation effect of the fibers was negligible 
and the ID/IG ratio was directly related to the degree of CNF gra-
phitization [26]. This suggests that CNFs carbonized at higher 
temperatures have a higher graphitization degree in the order 
of CNF-300-800 < CNF-300-1000 < CNF-300-1200. The higher 
band intensities and narrower bandwidths of the Raman spec-
trum also support the higher graphitization degree of the CNF-
300-1200 sample [27–29]. Arshad et al. also showed that the 
turbostratic carbon crystallities of CNF increased from an aver-
age of 3.3 carbon layer at 800 °C to 6.6 carbon layer at 1400 °C 
[30]. In addition, the X-ray photoelectron spectroscopy (XPS) 
results acquired from the samples further confirmed that CNFs 
prepared at higher carbonization temperatures exhibited higher 
mass ratios of C and O, which represented fewer O-containing 
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functional groups and a higher degree of graphitization (Fig. S2 
in the SI) [31].

The sheet resistance of the samples in the plane direction 
was analyzed using a four-point probe at ambient temperature. 
The electrical conductivity was estimated based on the sheet 
resistance and thickness of the samples. The results showed that 
the electrical conductivity of the CNF samples increased from 
0.9 to 9.2 S/cm as the carbonization temperature increased, 
which was in accordance with the graphitization degree of 
those samples. These results are also consistent with the results 
of Wang et al., who reported that the conductance of the car-
bon fibers significantly increased with the pyrolysis temperature 
[32]. In addition, Fig. S3 in the SI shows that an increase in 
the carbonization temperature improves the thermal stability 
of the CNF samples. The electrical conductivities of the CNF 
samples prepared at different carbonization temperatures are 
summarized in Table 1.

Li‒O2 cells using CNFs obtained at different carboniza-
tion temperatures were assembled to evaluate their electro-
chemical performance as cathodes. The CNF samples were 

free-standing and directly applied as cathodes without a poly-
meric binder or conducting additives. Figure 2 shows the dis-
charge–charge potential profiles of the Li‒O2 cells using the 
CNF-300-t cathodes for the initial cycle at a current density 
of 200 mA/g. Although the overall discharge–charge profiles 
of the Li‒O2 cells were similar, the specific capacity of the cell 

Figure 1:  SEM images of carbon nanofibers (CNFs) with an average diameter (davg) of 300 nm prepared at different carbonization temperatures: (a) CNF-
300-800, (b) CNF-300-1000, and (c) CNF-300-1200. (d) Corresponding Raman spectra acquired from the CNFs.

TABLE 1:  Summary of the G band intensity in Raman spectra, ID/IG values, 
and electrical conductivities of different carbon nanofiber (CNF) sam-
ples, and full discharge capacities of Li‒O2 cells using the CNF samples 
as cathodes.

Cathode IG ID/IG
FWHM D 

band

Conduc-
tivity  

(S/cm)

Initial 
discharge 
capacity 
(mAh/g)

CNF-300-800 852 0.95 315 0.9 1611

CNF-300-1000 1261 0.94 310 3 1893

CNF-300-1200 2254 0.89 287 9.2 4080

CNF-100-1200 4550 0.84 255 15.3 7832

CNF-500-1200 544 0.94 293 9.0 1815
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using CNF-300-1200 was considerably larger than that of the 
CNFs carbonized at lower temperatures. The specific capaci-
ties of the cells with CNF-300-800, CNF-300-1000, and CNF-
300-1200 were 1611, 1873, and 4080 mAh/g, respectively. Fig. 
S4 in the SI shows the morphology of the samples after being 
fully discharged. The toroidal discharged products formed on 
the surface of CNF-300-1200 were larger than those on the 
other two samples. The higher electrical conductivity of CNF-
300-1200 may have a positive effect on the specific capacity 
of the sample. These results agree with those of Li et al., who 
fabricated CNFs by carbonization of bacterial cellulose at 900 
and 1100 °C [33]. They reported that higher carbonization 
temperatures generally improved graphitization and the elec-
trical conductivity of carbon materials, resulting in accelerat-
ing charge transfer and enhance the oxygen reduction reaction 
activity.

To investigate the effect of the fiber diameter on the 
electrochemical performance of Li‒O2 cells as a cathode, 
CNFs with different diameters were fabricated at an iden-
tical carbonization temperature of 1200 °C. Size effects in 
carbon materials can meet the requirements for charging 
and discharging by shortening  Li+/e− diffusion in Li-ion bat-
teries [23, 24]. Chen et al. reported from the simulations 
that decreasing the CNF diameter can increase the resist-
ance of the discharge product, slow down the growth of the 
discharge deposit layer, and improve specific capacity [25]. 
The diameter of the CNFs was mostly controlled by changing 
the concentration of the PAN electrospinning solution with 
a suitable feed rate. SEM images of the electrospun NF mats 
prepared with different concentrations of the PAN electro-
spinning solution are shown in Fig. S5 in the SI. Figures 3a, 
b and c shows the morphology of CNF-d-1200, which has 
CNFs with uniform NF diameters and smooth surfaces. As 
the concentration of the PAN electrospinning solution was 

decreased from 12.5 to 8 wt%, the average diameter of the 
CNFs decreased from 500 to 100 nm. It can also be observed 
that CNFs with smaller NF diameters had higher NF den-
sities and smaller pore sizes between the individual NFs. 
Accordingly, the thickness of the CNFs decreased from 57.5 
to 34.6 µm as the average diameter of the CNFs decreased 
from 500 to 100 nm (Fig. S6 in the SI). The thickness and 
the porosity of the cathode could play a major effect to spe-
cific capacity [07, 25]. The Raman spectra of the CNFs with 
different diameters are shown in Fig. 3d. A decrease in the 
ID/IG ratio and an increase in the intensity of these bands 
were obvious as the diameter of the CNFs decreased, indi-
cating a higher degree of graphitization of the sample. The 
ID/IG ratio of CNF-100-1200 was 0.84, which was the lowest 
among the samples, while that of CNF-300-1200 and CNF-
500-1200 was 0.89 and 0.94, respectively. These results are 
in accordance with previous reports that electrospun poly-
mer NFs with smaller diameters exhibit a higher degree of 
molecular orientation and crystallinity [34, 35]. Papkov et al. 
also suggested that the alignment of polymer chains could 
improve the graphitic structure of CNFs, thus enhancing 
their electrical conductivity [36]. The higher electrical con-
ductivity of CNF-100-1200 than those of CNF-300-1200 and 
CNF-500-1200 further confirms the higher graphitization of 
smaller-diameter CNFs (Table 1). The increased intensity of 
the bands could be attributed to the higher fiber density of 
the CNFs with smaller diameters and, thus, a larger number 
of exposed crystallites within a laser-focused area for Raman 
characterization.

Figure 4 shows the discharge–charge potential profiles of 
the Li‒O2 cells using the CNF-d-1200 electrodes for the initial 
cycle at a current density of 200 mA/g. The Li‒O2 cells using 
CNF cathodes with different NF diameters exhibited markedly 
different specific discharge capacities. As the diameter of the 
CNFs decreased, the specific discharge capacity of the Li‒O2 
cell increased. When the CNF-100-1200 cathode was used, the 
specific discharge capacity of the Li‒O2 cell was 7832 mAh/g, 
which was considerably larger than that of the Li‒O2 cells 
using CNF-300-1200 (4080 mAh/g) and CNF-500-1200 (1815 
mAh/g). In addition, the cell using the CNF-100-1200 cathode 
exhibited a significantly improved energy efficiency of 73.5% 
in comparison to the cells using CNF-300-1200 (65.3%) and 
CNF-500-1200 (66.0%).

To investigate the origin of the higher discharge capacity and 
improved energy efficiency of the Li‒O2 cell using CNF-100-
1200, morphological changes in the discharge products were 
thoroughly examined. Figure 5 shows SEM images of CNF cath-
odes with various diameters after discharging to different states. 
When Li‒O2 cells were discharged to a specific capacity of 1000 
mAh/g, CNF-500-1200 and CNF-300-1200 were fully covered 
with toroidal discharge products. Thus, their diameters increased 

Figure 2:  Galvanostatic discharge–charge potential curves of Li‒O2 cells 
using the CNF-300-t (t = 800, 1000, or 1200) cathodes for the initial cycle 
at a current density of 200 mA/g.
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to approximately 900 and 600 nm, respectively [Fig. 5(a, b)]. In 
contrast, the toroidal discharge products with a size of approxi-
mately 350 nm were unevenly formed on the CNF-100-1200 

surface after discharging to 1000 mAh/g [Fig. 5(c)]. During the 
subsequent discharge, the toroidal discharge product increased in 
size and the diameters of CNF-500-1200 and CNF-300-1200 were 
increased to 1200 and 900 nm, respectively, but still maintaining 
a porous structure even after being fully discharged [Fig. 5(d, 
e)]. However, in the case of CNF-100-1200, the number of toroi-
dal discharge products increased with an increase in size up to 
approximately 850 nm by clogging most of the pores after being 
fully discharged [Fig. 5(f)]. It can be considered that the specific 
capacity is proportional to the amount of  Li2O2, and a greater 
amount of discharge product formed indicates better utilization 
of cathode’s volume. These results align with the previous report, 
in which the authors explained this based on two factors: (1) the 
resistivity of  Li2O2 is inversely proportional to the fiber size, and 
(2) the high resistivity of  Li2O2 slows down the growth of deposit 
layer and improves capacity [25]. The porosity during the second 
part of discharge product fill in the pores in the cathode also 
give effect to the resistance of  Li2O2 [25]. The specific discharge 
capacity decreases with increasing thickness of the CNF cathode 
as shown in Fig. S8. The tailorable porosity, higher graphitization, 

Figure 3:  SEM images of CNFs with different diameters prepared at the same carbonization temperature of 1200 °C: (a) CNF-500-1200, (b) CNF-300-
1200, and (c) CNF-100-1200. (d) Corresponding Raman spectra acquired from the CNFs.

Figure 4:  Galvanostatic discharge–charge potential curves of Li‒O2 cells 
using the CNF-d-1200 (d = 100, 300, or 500) cathodes for the initial cycle 
at a current density of 200 mA/g.
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and enhanced electrical conductivity of CNF-100-1200 make it 
an ideal candidate for the ORR process in LOBs.

To verify the difference in nucleation and growth between 
the discharge products of CNF-100-1200 and the other sam-
ples (CNF-300-1200 and CNF-500-1200), the morphological 
changes of the discharge products on CNF-100–1200 were fur-
ther characterized in detail. Figure 6 shows the SEM images of 
the CNF-100-1200 cathode at various discharge/charge states. 
As shown in Fig. 5(c), toroidal discharge products with a size 
of approximately 350 nm were sparsely formed on the CNF-
100-1200 surface during the early stages of discharge to 1000 
mAh/g. Interestingly, discharge products with an average size 
of approximately 250 nm were observed with an increased den-
sity after the subsequent discharge to 2000 mAh/g [Fig. 6(a)]. 
This result implies that several discharge products newly nucle-
ated and grew during this period rather than undergoing fur-
ther growth. As the discharge process continued, the already 
nucleated discharge products grew larger and new ones simul-
taneously nucleated and grew [Fig. 6(b)]. Relatively small or 
thin discharge products, marked by yellow arrows, support this 
argument. During the subsequent discharge (latter half), the 
discharge products grew further and coalesced into masses of 
discharge products, which covered and clogged the pores of 
the cathode [Fig. 6(c)]. Fig. S7 shows the cross-section SEM 
images of the CNF-100-1200 at 1000 mAh/g, 2000 mAh/g, 4000 
mAh/g, and full 1st DC capacity. These results suggest that the 
discharge products exhibited uniform growth throughout the 
entire cathode, indicating that electrospun CNF facilitates the 
formation of uniform solid–liquid–gas triphase regions. When a 

cell was fully charged, nearly all discharge products disappeared, 
and the cathode restored its pristine state [Fig. 6(d)], indicating 
highly reversible discharge/charge reactions on the CNF-100-
1200 cathode.

Figure 7 shows the X-ray diffraction (XRD) patterns and 
Fourier transform-infrared (FT-IR) spectra of the CNF-100-
1200 cathodes recorded in the pristine state and at varying levels 
of discharged/charged states. The diffraction peaks in the XRD 
patterns at approximately 2θ = 32.9°, 35.0°, 40.5°, and 58.8° cor-
respond to the crystalline hexagonal phase of  Li2O2 (JCPDS #09-
0355) (Fig. 7a) [6, 16]. The toroidal discharge products shown in 
the SEM images were verified to be crystalline  Li2O2. The inten-
sities of these peaks increased as the discharge progressed and 
subsequently disappeared when the cell was fully recharged. This 
result indicates a highly reversible  Li2O2 formation and decom-
position on the CNF-100–1200 cathode during discharge and 
charge, respectively, which is consistent with the SEM obser-
vations shown in Fig. 6. The FT-IR spectra further confirmed 
that  Li2O2 was the dominant discharge product on the CNF-
100-1200 cathode, and the discharge and charge reactions were 
highly reversible (Fig. 7b). However, relatively small amounts of 
byproducts, such as  Li2CO3 approximately 860  cm−1), were also 
formed during discharge. The byproducts are difficult to com-
pletely decompose during a subsequent charge and accumulate 
on the cathode surface, which can increase cell impedance and 
eventually shorten cell life [37, 38].

Nakanishi et al. demonstrated using first principles calcu-
lations and experimental results that when a carbon cathode 
surface has many defects,  Li2O2 can be toughly adsorbed on the 

Figure 5:  SEM images of the (a, d) CNF-500-1200, (b, e) CNF-300-1200, and (c, f ) CNF-100-1200 cathodes at different discharge states. (a–c) were 
discharged to 1000 mAh/g and (d–f ) were fully discharged.
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defect sites, and it homogeneously covers the carbon surface 
subsequently, resulting in a layer-like morphology. However, 
when a carbon surface is composed of basal planes,  Li2O2 can 
be softly adsorbed on the carbon surface and easily migrate, 
thus reforming the aggregates of the products [39]. As shown 
in Fig. 3d and Table 1, CNFs with smaller diameters have lower 
ID/IG ratios and higher graphitization degrees. Compared to 

CNF-100-1200, CNF-500-1200 and CNF-300-1200 had more 
defect sites on their surfaces.  Li2O2 was strongly adsorbed on 
and homogeneously covered the surface, resulting in a layer-
like morphology of  Li2O2 (Fig. 5d, e). In contrast,  Li2O2 formed 
on the CNF-100-1200 surface was weakly adsorbed and read-
ily migrated on the surface, recombining the relatively large 
agglomerates of  Li2O2, as shown in Fig. 5f. The higher electrical 

Figure 6:  SEM images of the CNF-100-1200 cathode at various discharge/charge states: (a) discharged to 2000 mAh/g, (b) discharged to 4000 mAh/g, 
(c) fully discharged, and (d) fully recharged.

Figure 7:  (a) X-ray diffraction patterns and (b) Fourier transform-infrared spectra of the CNF-100-1200 cathode at pristine and various discharge/charge 
states.
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conductivity and fiber density with a larger surface area of 
CNF-100-1200 also contributed to the larger  Li2O2 and, thus, 
improved discharge capacity. The electrical conductivity of the 
CNF-100-1200 (15.3 S/cm) was somewhat similar with the 
CNF@Pt (16.4 S/cm) in our previous research and higher than 
that of CNF-300-1200 (9.2 S/cm), which could also enhance 
energy efficiency [15].

The reversibility of Li‒O2 cells using the CNF cathodes 
was further investigated using in‑situ differential electrochemi-
cal mass spectroscopy, which qualitatively and quantitatively 
measures evolved gases during charging. Figure 8 shows the gas 
evolution rate profiles for  O2,  CO2, and  H2 for the Li‒O2 cells 
using CNF-100-1200 and CNF-300-1200 cathodes during the 
first two charge reactions.  O2 mainly evolved during the charg-
ing processes for both cells, despite the varied amounts of the 
released  O2. The  O2 efficiencies of the cell using the CNF-100-
1200 cathode for the 1st and 2nd cycles were 72% and 92%, 
respectively, which were higher than those of the cell using the 
CNF-300-1200 cathode (69% and 80%, respectively). Although 
other gases, such as  H2 and  CO2, also evolved during charge 

reactions, their released amounts were negligibly small com-
pared to that of  O2. The evolution of  H2 was presumably caused 
by the H-abstraction of the electrolyte solvent, DMAc, due to 
nucleophilic attack by the  O2

− anion [40, 41] and/or its reaction 
with the Li anode [42]. The  CO2 evolution was attributed to the 
decomposition of discharge byproducts, such as Li formate, Li 
acetate, and/or Li carbonate [37].

As shown in previous results, CNF-100-1200 exhibited the 
highest capacity and reversibility among the samples used as 
cathodes in a Li‒O2 cell. Furthermore, the electrochemical 
performance, such as the rate capability and cycle stability of 
Li‒O2 cells using the CNF-100-1200 cathode, were also evalu-
ated. Figure 9a shows the galvanostatic full discharge–charge 
potential profiles of Li‒O2 cells using the CNF-100-1200 cath-
ode for the initial cycle at current densities of 200, 500, and 
1000 mA/g. The discharge capacities of the cells at 200 and 
500 mA/g were 7850 and 6350 mAh/g, respectively. Even at 
a relatively high current density of 1000 mA/g, the cell still 
delivered a specific capacity of over 3200 mAh/g, indicating 
the high rate capability of the cell using the CNF-100-1200 

Figure 8:  In-situ differential electrochemical mass spectroscopy results of the  O2,  H2, and  CO2 evolution rate profiles for Li‒O2 cells using the (a,b) CNF-
100-1200 and (c,d) CNF-300-1200 cathodes for their initial two cycles.
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cathode. It is well known that the cycle life of Li‒O2 cells is 
greatly influenced by the cut-off capacity (depth of discharge, 
DoD) for cycling tests [6, 15, 43]. Thus, in most studies, the 
cycle stability of Li‒O2 batteries was measured with a cut-
off DoD of less than 20% [44, 45] or even less than 10% of 
DoD [46, 47]. In the present study, the cycle stability of the 
Li‒O2 cell using the CNF-100-1200 cathode was evaluated 
under various cut-off capacities. At first, the cell was tested 
under full discharge–charge conditions at a current density 
of 200 mA/g, where the discharge was cut-off at 2.0 V vs. Li/
Li+ and the charge was continued until the state of charge 
reached 100% (Fig. S7a in the SI). The cell delivered a maxi-
mum capacity of 8620 mAh/g during the 2nd cycle before 
the capacity rapidly decreased during subsequent cycles. Dur-
ing the 10th cycle, the cell demonstrated a discharge capacity 
of 1600 mAh/g, which was only 20% of the initial capacity 
of the cell. When a cell was cycled with a cut-off capacity 
of 4000 mAh/g (approximately 50% DoD) at a current den-
sity of 200 mA/g, the cell could deliver the capacity during 
11 cycles (Fig. S7b in the SI). Eventually, a Li‒O2 cell with 
a CNF-100-1200 cathode was cycled with a cut-off capacity 
of 1000 mAh/g (approximately 16% DoD) at a current den-
sity of 500 mA/g (Fig. 9b). The cell could deliver the capacity 
during 173 cycles, which was considerably long cycle stability 
when compared to previously reported Li‒O2 cells that used 
carbon-based cathodes [10, 11, 44, 46, 48]. These results show 
that deep discharge may lead to severe electrolyte decompo-
sition and high anodic polarization owing to a decrease in 
the electrical conductivity of the electrode, which is caused 
by the large accumulation of discharge products on the elec-
trode surface. Fig. S10 shows the well-sustained in electro-
chemical impedance spectra (EIS) after the long-term cycle 

of CNF-100-1200, as compared to CNF-300-1200. Fig. S11 
provides an alternative way to improve graphitic structure of 
CNF by adding a small amount of graphene oxide into PAN 
prior to processing (CNF-GO-100-1200) and subsequently 
study their cycle performance in Li–O2 battery. EIS data and 
cycle performance of these samples further support that the 
increased efficiency and reversibility of CNF-100-1200 results 
from the combination of higher graphitization and smaller 
diameter.

Conclusion
In summary, we fabricated free-standing CNF mats through 
electrospinning of PAN and their carbonization and investi-
gated the effect of the preparation conditions on the electro-
chemical performance of Li‒O2 battery cells using the CNF 
mats as cathodes. CNF mats with very similar fiber diameters 
carbonized at different temperatures from 800 to 1200 °C were 
prepared. Moreover, CNF mats with fiber diameters ranging 
from 100 to 500 nm were prepared. Increasing the carboniza-
tion temperature and decreasing the fiber diameter improved 
the graphitization and electrical conductivity of the CNF mats. 
Thus, the optimized CNF-100-1200 cathode exhibited the best 
electrochemical performance among the samples in terms of 
specific capacity, energy efficiency, reversibility, and cycle stabil-
ity in Li‒O2 batteries. The close observation of discharge prod-
ucts nucleation and growth, gas analyses, and electrochemical 
impedance spectra of Li-O2 cells was noted and discussed in 
detail. This study highlights the importance of the properties 
of nanoscale dimensions and graphitization degree of carbon-
based electrodes in high-performance Li‒O2 batteries. We 
believe that the introduction of suitable nanocatalysts into the 

Figure 9:  Galvanostatic discharge–charge potential curves of Li‒O2 cells using the CNF-100-1200 cathodes (a) for the initial cycle at various current 
densities and (b) with a cut-off capacity of 1000 mAh/g at a current density of 500 mA/g.
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CNF cathode can further enhance the performance of Li‒O2 
batteries.

Materials and methods
Materials

PAN (Mw = 150,000), lithium nitrate  (LiNO3), and dimethylacet-
amide (DMAc) were purchased from Sigma-Aldrich (U.S.A). 
N,N-Dimethylformamide (DMF, 99.0%) were purchased from 
Samchun Chemical Co. (Korea). All the chemicals were used 
without further purification.

Fabrication of free‑standing CNF electrodes

At first, electrospinning solution was prepared by dissolving 
PAN in DMF with a concentration of 10 wt% using a magnetic 
stirring. Electrospinning processes were performed with a nee-
dle-tip-to-collector distance of 20 cm, and a solution feed- rate 
of an 0.5 mL/h at an applied voltage of + 8.5 kV. As-electrospun 
PAN NF mats were collected on an aluminum foil placed above 
a flat grounded metal plate. Subsequently, peeled PAN NF mats 
were stabilized in air at 280 °C for 4 h with a ramp rate of 3 °C/
min using a furnace [15]. Samples were then further heated to 
certain carbonization temperatures of 800, 1000, or 1200 °C with 
a ramp rate of 5 °C/min under  N2 atmosphere. During a thermal 
treatment, PAN NF mats were placed between alumina plates to 
keep flat. CNF mats with different fiber diameters were prepared 
by varying the concentration of the PAN electrospinning solu-
tion, followed by carbonization at 1200 °C. CNF samples were 
named as CNF-d-t, where d and t represent diameter of CNF 
and carbonization temperature, respectively.

Characterizations

Morphology of CNFs was characterized using a field-emis-
sion scanning electron microscope (FESEM) (Tescan VEGA-
II LSU), operated at an accelerating voltage of 10–20  kV. 
Visualization software (TOMORO ScopeEye 3.6) was used 
to determine an average diameter of NFs from SEM images. 
Raman spectra were obtained using a Raman spectrometer 
(LabRAM HR Evolution, HORIBA) with a 532  nm laser. 
Electrical conductivity of CNF mats was measured using the 
four-point probe method with a Loresta-GP resistivity meter 
(MCP-T610, Mitsubishi Chemical). Transmission electron 
microscopy (TEM) images were obtained using a transmis-
sion electron microscope (Tecnai  G2, FEI), operated at an 
accelerating voltage of 200 kV. Fourier transform-infrared 
spectroscopy (FT-IR) spectra were recorded with a FT-IR 
spectrometer (Nicolet 6700, Thermo Scientific) using a dia-
mond crystal attenuated total reflectance accessory unit. The 

thermogravimetric analysis (TGA) was conducted using a 
thermogravimetric analyzer (Q500, TA Instruments) between 
25 and 900 °C in air at a heating rate of 10 °C/min.

Electrochemical characterizations

The electrochemical performance of the CNF samples was 
investigated using Swagelok-type Li–O2 cells. The samples 
were directly used as cathodes after being cut into disks with a 
diameter of 12 mm and dried at 150 °C for at least 12 h without 
using any polymeric binder and conducting additives. Li foil 
(Honzo metal), a glass microfiber filter (GF/C, Whatman), and 
a stainless steel (200 mesh) were used as an anode, a separa-
tor, and a current collector, respectively. As an electrolyte, 1 M 
 LiNO3 in DMAc solution was used. Grinded  LiNO3 crystal-
line powder was dried at 150 °C in a vacuum oven for several 
days and DMAc was dried using molecular sieves (4 Å). The 
water content was below 10 ppm, which was titrated using a 
Karl Fischer coulometer (C30, Mettler Toledo). All Li–O2 cells 
were constructed in an ultrapure Ar (99.999%)-filled glovebox 
(MBraun,  H2O < 1 ppm). The measurements of the assembled 
Li–O2 cells were conducted using a VMP3 potentiostat (Bio-
Logic) at room temperature under 1.5 bar ultrapure (99.999%) 
 O2 gas. The electrochemical impedance spectrum of the Li-O2 
cell was recorded over a frequency sweep of 0.1–2.105 Hz.

In situ differential electrochemical mass spectroscopy 
(DEMS) was employed to measure the quantities of  O2 and 
other gases evolved during a charge. Li–O2 cells were dis-
charged first, and  O2 that remained in Li–O2 cells was flushed 
out and changed into ultrapure Ar (> 99.999%). During a 
charge, any gases that evolved in an isolated cell were accumu-
lated and pumped by the Ar carrier gas at 20 min intervals into 
a residual gas analyzer (RGA, UGA200, Stanford Research Sys-
tems). The RGA analyzed the accumulated gases qualitatively 
and quantitatively. Subsequently, the fractional composition of 
each gas was calculated based on the carrier gas, Ar.
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