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ABSTRACT 

Self-standing carbon fiber electrodes hold promise for solid-state battery technology owing to 

their networked structures improving interparticle connectivity, robustness contributing to 

mechanical integrity, and surface sites confining Li dendrites. We here evaluate carbonized 3D 

electrospun fibers filled with polymer electrolytes as anodes in solid-state lithium half cells. 

Microscopic analysis of the cells demonstrates the high wettability of carbon fibers with 

electrolytes, promoting an intimate contact between electrolytes and fibers. Solid-state cells 

delivered high initial capacities up to 300 mAh/g, although the latter cycles were characterized 

by gradual capacity fade (100 mAh/g in the 100th cycle with nearly 100% coulombic efficiency), 

attributed to the onset of parasitic reactions increasing the cell resistance and polarization. When 

these were benchmarked against similar cells but with the liquid electrolyte, it was found that Li 

storage in these fiber electrodes is intermediate between graphite and hard carbon in terms of 

lithiation voltage (vs. Li/Li+), corroborating with the nature of carbon assessed by XRD and 
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Raman analysis. These observations can contribute to further development and optimization of 

solid-state batteries with 3D electrospun carbon fiber electrodes. 

Despite the high volumetric and gravimetric energy density (~700 Wh·l-1 and ~250 Wh·kg-1) 

of Li-ion batteries (LIBs) [1–3], the use of organic liquid electrolytes limits their maximum energy 

density, safety, and operating temperature, presenting roadblocks to their adoption in electric 

vehicles [4–7] and beyond. Replacing liquid electrolytes with solid electrolytes that are 

nonflammable can overcome this limitation [8] but requires suitable electrode architectures to 

facilitate a high concentration of point contacts between electrolytes and active particles for facile 

Li exchange. For example, solid polymer electrolytes (SPEs) based on poly(ethylene) oxide 

(PEO) can be processed into thin membranes of 30-50 µm to yield conductivities of 10-3-10-4 S 

cm-1 at 70 ºC while ensuring an intimate contact with electrode surfaces [6,9].  

Solid-state batteries (SSBs) rely on the use of a Li metal anode, which has high theoretical 

capacity of 3800 mAh·g-1 [10],. However, the cells with Li metal suffer from high interfacial 

resistance [11], lithium dendrites [12], or solid electrolyte-lithium metal parasitic reactions [13], 

leading to suboptimal battery performance, which impedes further progress and deployment of 

this technology [14–16]. Therefore, carbon-based electrodes that are typically used in traditional 

LIBs still represent a safe and low-cost alternative for SSBs [17]. These electrodes offer a 

reduction potential as close as  Li metal (0.1 V vs. Li/Li+) [18], and despite their lower capacity, 

they are preferable when considering the trade-off among the safety, performance, and longevity 

of batteries [16,19]. Other active material alternatives for the negative electrode comprises the 

use of silicon; however, large volume expansion of around 400% during charge and rapid capacity 

fading do not allow for its direct implementation. Therefore, it is of particular interest the 

combination of carbon-based negative electrodes with silicon to progress toward high-energy 

density and long-lasting batteries [20]. Among available carbon materials, one-dimensional 

structures such as carbon nanofibers are the most desirable ones due to their short lengths for ionic 

transport, and efficient one-dimensional electron transport along the longitudinal direction [21]. 

These materials show a potentially increased capacity as active material compared to conventional 
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intercalation mechanism (LiC6) in graphite as they are often able to store lithium on both sides of 

the graphene layers [22,23], and their electrochemical performance is similar to or better than that 

of graphite in liquid electrolyte [23,24]. Among several techniques, electrospinning has been 

highlighted as a scalable, relatively simple, rapid, and low-cost method for carbon fiber 

fabrication, which allows for fiber sized down to 20 nm, with a high surface area and thin web 

morphology, potentially increasing Li storage capacity [24–26]. Electrospun carbon nanofibers 

as anodes have been shown to outperform other carbonaceous materials in terms of Li storage 

capacity [18,21,24]. In the last few years, an advanced electrospinning technique was developed 

by combining 3D printing and electrospinning [27]. This technology allows the fabrication of 

designed 3D macrostructures with micro- to nano-fibrous features. The 3D structures are 

fabricated in a single step in a 10-minute electrospinning experiment, and the structures could 

reach a height of about 3–4 cm [27]. Recently, this technology has been applied to fabricate 3D 

structures made of Polyacrylonitrile (PAN), a commonly used precursor for carbon nanofibers 

[28]. 

However, in designing SSB electrodes, several factors must be considered before applying 

carbon fibers as anodes: i) a robust ionic conductivity network must be ensured by the wetting of 

the active material with the solid electrolyte. ii) maintaining an intimate interface between carbon 

fiber and solid electrolytes (seamless integration over cycling). iii) chemical stability of the 

interfaces created over cycling, and iv) overall mechanical integrity of the sandwich structures. v) 

minimizing the side reactions contributing to premature cell failure. These issues are still poorly 

understood, especially for the free-standing 3D carbon fibers as anodes in the context of solid-

state batteries. In addition, the brittleness of carbon nanofiber structures hampers their processing 

into solid-state electrodes [29]. In this work, we demonstrate the use of carbon microfiber 

electrodes obtained via 3D electrospinning and posterior carbonization (3DeCMFs). The 

electrochemical properties of these carbon fibers in both solid-state cells (with a PEO SPE) and 

liquid electrolyte cells were compared using Li half-cells. The liquid cells delivered a reversible 

capacity of 300 mAh·g–1 with nearly 100% CE, while solid-state cells delivered a capacity of 
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150 mAh·g–1 with 100% CE, and the capacity was found to be gradually fading due to increased 

cell resistance and polarization over cycling. Li storage in these is found be intermediate between 

graphite and hard carbon, and takes place at more negative potentials compared to liquid 

electrolyte cells .  

Figure 1 schematizes the preparation of half-cells with Li metal and the 3DeCMF mat electrode 

in liquid electrolyte, using a glass fiber (GF) separator impregnated with 200 μL of the liquid 

electrolyte. The electrodes for solid-state cells were prepared by adding the PEO:LiBOB-ACN 

mixture onto the porous carbon fibers. The composite electrode was dried overnight at 50 ºC 

under a vacuum to remove the solvent prior to cell assembly. For the solid-state cells, an SPE 

membrane with a 16 mm diameter was used as the separator and the electrolyte. 

 

FIG1. Schematic representation of the liquid and solid-state cell electrode processing and cell 

configuration. 

Unlike the typical electrospinning of polyacrylonitrile (PAN) onto substrates and peeling off, 3D 

electrospinning allows obtaining electrospun webs since the liquid PAN solution can be simply 

turned into a solid white fibrous material (Figure 2a and Figure S1), which can be carbonized to 

achieve 3DeCMFs (Figure 2b). There were no significant morphological changes observed, 

except for a small volume reduction that was expected as the polymer decomposes upon heating. 
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The obtained meshes are soft and flexible 3D sponge-like structures formed by smooth fibers. 

The transformation of the PAN nanofiber mas into carbon-fiber structure was carried out through 

a two-step process: stabilization and carbonization. The stabilization of electrospun fibers (250 

°C for 2 h under N2) is performed to cross-link PAN chains and prepare a structure able to 

withstand a high-temperature carbonization treatment [30]. The carbonization step (850 ºC for 1h 

under N2; 5 ºC·min-1) turned the electrospun fibers into black-colored 3DeCMFs. Consequently, 

3DeCMFs present homogeneous 1D structures (SEM, Figure 2c) without fiber ruptures and 

significant deformation/stretching after carbonization. The fiber diameter is maintained between 

300 and 800 nm. Sheet resistance measurements were carried out on these samples. The 

carbonized 3DeCMFs (Figure 2b) showed a sheet resistance of 393.21 Ω/square, and the pressed 

electrodes displayed a sheet resistance of 245.92 Ω/square (Figure S2). In addition, mechanical 

tests of these have been carried out, and the stress-strain curves of these samples are shown in 

Figure S3. In brief, the mechanical properties of the 3DeCMFs showed reasonable Young's 

moduli up to 160 Pa, although the pressed samples showed a decreased value of ~10.6 Pa. 

Nitrogen and CO2 adsorption analyses were performed to evaluate the surface area, micropore 

volume, total pore volume, and pore size distribution of 3DeCMFs. The nitrogen adsorption 

isotherm in Figure 2d shows a type I isotherm, characterized by an abrupt knee at the low relative 

pressure followed by a slight increase in the nitrogen uptake at the high relative pressure, 

indicating that micropores mainly constitute the porosity of these samples. The rapid growth 

towards a plateau at the low relative pressure suggests low or null mesoporosity. A BET surface 

area of 465 m2·g-1 and a total pore volume of 0.182 cm3·g-1 were estimated for the 3DeCMF 

structure. Figure S4 displays the CO2 adsorption isotherm of the material obtained at 273 K. The 

sample shows a narrow distribution of micropores with an average diameter of 0.5 nm, larger than 

the size of lithium ions (0.115 nm). 

The XRD pattern of the 3DeCMFs presents two weak and broad peaks at 23º and 43º 

corresponding to the (002) and (100) diffraction modes (Figure 2e), characteristic of the 

disordered carbon material [31]. In addition, the broad signal corresponds to large variations in 
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6 

 

the layer spacing of this structure, indicative of mostly disordered carbon. The interlayer spacing 

(d002) is calculated to be 0.370 nm [32]. The ability for lithium-ion storage is qualitatively 

estimated through the simple empirical parameter R defined by Dahn et al. [22]. According to 

this, R decreases as the single-layer content of the carbon increases, showing a direct relationship 

with the ability for lithium-ion storage. A value of R = 2.3 is obtained from the quotient between 

the height and the background of a 002 peak, which is illustrated in Figure 2g. This indicates a 

partial degree of graphitization, with a concentration of single layers in the carbon materials 

amounting to ~30 %, similar to other electrospun carbon nanofibers [18]. 

Raman spectroscopy was applied to yield detailed information on the degree of structural disorder 

of this material. The spectra from Figure 2f show two characteristically vibrational bands at 1350 

and 1600 cm−1; these bands are assigned to disordered carbon (D band) and graphitic carbon (G 

band), respectively [33]. Unlike graphite, where a sharp peak is observed at 1600 cm-1, both 

vibrational signals present a broad distribution, which requires a signal deconvolution procedure. 

This result confirms the presence of partially graphitized carbon, together with amorphous carbon. 

The intensity ratio of the deconvoluted D/G bands indicates the ratio of each carbon type, which 

in this material is found to be ID/IG = 2.62 [34]. In fact, there is a tradeoff between pliability (less 

brittle) and electronic conductivity for electro spun carbon freestanding fibers. This is a well-

established consideration in process of these fibers. Herein, we applied 850C in line with similar 

works [35].  From all the above analyses, the porous 3DeCMFs display optimal microstructural 

characteristics to be used as anode materials in LIBs because the graphitic structure of the pore 

walls can favor lithium intercalation under an electrochemical stimulus whereas the relatively 

high specific surface area can help enhance the interfacial contact. As the electrospun fibers 

mainly present a partially graphitized disordered structure, ion storage behavior will likely be 

halfway between hard carbons and graphitic materials [36], which also indicative of their 

suitability not only for lithium-ion storage but also for other technologies such as Na-ion batteries.  
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FIG2. Characterization of the 3D electrospun fibers through optical imaging (a) after 

electrospinning and (b) after carbonization. (c) Scanning electron microscopy image of the 

3DeCMFs and the fiber thickness. (d) Adsorption isotherms with nitrogen (-196 ºC), surface area, 

and specific volume calculations. Structural characterization of 3DeCMFs through (e) XRD and 

(f) Raman Spectroscopy. (g) Configuration of the cell for electrochemical measurements and 

SEM of the cell cross-section and the 3DeCMFs. 

The electrochemical characterization of the 3DeCMFs was carried out in cells with the mentioned 

configuration having either liquid or solid electrolyte. For the former, the 3DeCMFs were 

assembled against a Li metal using a Celgard® separator [37]. Figure 2g shows the configuration 

with a Li metal electrode and an electrolyte separator used in this study. The cross-section of the 

cell clearly shows an intimate contact between the solid electrolyte in the 3DeCMF pores and the 

electrolyte/Li-metal interface, attributed to their wettability, which is crucial to the operation of 

SSBs.  
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FIG3. Galvanostatic cycling of the electrospun carbon electrode against a Li metal electrode, 

using a 50:50 EC:PC 1M LiPF6 electrolyte. (a) 100 charge-discharge cycles and coulombic 

efficiency at a constant current of 25 mA·g-1 (C/15). (b) Rate capability test showing the charge-

discharge capacity and coulombic efficiency as a function of the cycle number from C/20 to 1 C 

and back to C/10. (c) Voltage profiles at increasing C-rate from C/20 up to 1 C. 

The low coulombic efficiency of ca. 50% observed during the first cycle of the cell at constant 

current, in Figure 3a, is ascribed to an irreversible capacity of 330 mAh g-1 attained during the 

discharge step at a potential around 0.7 V vs. Li/Li+ (Figure S5). Such irreversible capacity loss 

is ascribed to the electrolyte decomposition and solid electrolyte interphase (SEI) formation in 

line with the literature [38]. The excess Li consumption can also be explained by the reaction 

between the electrolyte and the carbon nanostructures due to the high surface area of the 3DeCMF 

materials (385 m2·g-1, Figure 2d), resulting in an appreciable voltage hysteresis during the 

charging process (Figure S5) [39]. After the initial cycles where the capacity faded quickly (first 

ten cycles), the 3DeCMF electrode stabilizes the discharge capacity delivering 350-300 mAh g-1 
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with ca. 99% coulombic efficiency. For the rest of the cycles, the capacity retention was above 

80 %, with a similar coulombic efficiency. In addition, the lack of a low-voltage plateau indicates 

no filling of the closed porosity, suggesting the intercalation of lithium in the interlayer to be a 

single Li+ build-up mechanism for 3DeCMF electrodes. 

The rate capability test shows discharge capacity values of 360 mAh·g−1 at C/20 and remains as 

high as 200 mAh·g−1 at 1 C (Figure 3b). The polarization of the cell during the charge and 

discharge step increases with the increasing current, likely due to kinetic limitations (Figure 3c). 

A higher polarization is observed during the charging step (assuming irregular Li-metal plating 

at higher currents) in comparison to the discharge, but this did not prevent the remarkable 

recovery of the cell at C/10, delivering 350 mAh·g−1 (Figure 3b). The CE remained at 99% for 

most of the cycles. In addition, the Li+ intercalation profile displays similarities between ordered 

and disordered carbons, which show Li+ intercalation predominantly below 0.5 V [40], and 

homogeneously at different voltages with a smoother initial slope [41], respectively. This is the 

expected behavior for the mixed ordered-disordered nature of the fibers (Figure 2) and is similar 

to the Li+ intercalation profiles of electrospun materials in the literature [18].  

Considering the above, we analyzed the electrochemical behavior of these electrodes in SSBs 

configuration (Figure 2g). The replacement of the liquid electrolyte with a solid counterpart is 

challenging mainly due to the larger solid-solid resistive interfaces and polarization, jeopardizing 

the performance of the cells. Here, the porous electrode of 3DeCMFs was filled with a slurry 

containing a PEO and LiBOB as a solid electrolyte; additionally, a self-standing membrane of 

PEO-LiBOB was used as an SPE separator to assemble half cells with a Li metal. The LiBOB 

salt was selected over fluorinated lithium salts to avoid fluor-based decomposition products 

produced at low redox potentials [42–44]. The cells were conditioned at 70 ºC for 24 hours to 

minimize interfacial resistance by softening the polymer. Figure S6 shows the SEM image of a 

cross-section of the cell after conditioning, evidencing the complete wetting of fibers, which leads 

to excellent interlayer adhesion between the 3DeCMF electrode and the SPE separator (an 
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intimate contact was also observed between the SPE and the Li metal electrode). Figure 4 gathers 

the galvanostatic cycling of the solid-state cells.  

 

 

FIG4. Galvanostatic cycling of the electrospun carbon electrode (3DeCMF) against a Li metal 

electrode, using a PEO–LiBOB (EO:Li 20:1) SPE separator. (a) Discharge capacity as a function 

of the cycle number under a constant current of 25 mA·g-1 (C/15). (b) Voltage profiles at different 

cycles (25 mA·g-1. C/15), (c) Voltage profiles of the 10th cycle for PEO-LiBOB solid electrolyte 
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and EC:PC-LiPF6 liquid electrolyte at 25 mA·g-1. (d) EIS profile of the PEO-LiBOB solid 

electrolyte cell before cycling and after 35 cycles. (e) Discharge capacity as a function of the C-

rate. 

Figure 4a shows a larger irreversible capacity during the initial cycles of the cell, yielding a much 

lower coulombic efficiency (18%) compared to the liquid-electrolyte cell (50%). This is in 

agreement with previous literature, where the SEI formation and likely reduction of Li salt restrict 

this performance (Figure 4a) [16,45,46]. The CE increases up to 97% just after the second cycle, 

and the discharge profiles display a small flat plateau of 20 mAh·g-1 at ca. 0.5 V vs. Li/Li+ 

followed by a sloping plateau (Figure 4b). The results shown in Figure S7 evidence a Li storage 

below 0.75 V and 0.02 V (vs Li/Li+), which is in line with the galvanostatic cycling results in 

Figure 4b-c. In terms of electrochemical stability from the CV, there are only small variations 

between cycle 2 and cycle 10, suggesting that the Li storage potential does not vary over cycling, 

even if a possible side reaction leads to a capacity fading (Figure 4a). Interestingly, the 

comparison of charge-discharge profiles between liquid and solid electrolyte cells demonstrates 

a difference in the lithium intercalation process (Figure 4c) in terms of the lithiation potential (vs 

Li/Li+): the intercalation begins at 1.5 V for 3DeCMFs with liquid electrolytes while it occurs 

below 0.5 V in the case of SSBs. The onset of the lithium transfer process from the SPE to the 

3DeCMFs is delayed compared to the liquid electrolyte, as evidenced by a larger overpotential. 

Also, it cannot be ruled out that the SEI layer formed by the reduction products of the anion (BOB-

) and concentrated in the graphitized carbon regions, leading to the variation of Li+ intercalation. 

The average discharge capacity during the initial cycles is 300 mAh·g-1 at C/20, with a stable 

coulombic efficiency above 96 %. However, the capacity decreases down to 200 mAh·g-1 after 

35 cycles, and 110 mAh·g-1 in the 100th cycle, suggesting continuous parasitic reactions across 

these electrodes, which needs further optimization efforts. The EIS in Figure 4d shows an increase 

in the bulk cell resistance (38 to 120 Ω·cm2), maintaining the initial interfacial resistance ascribed 

to the electrode/electrolyte interface (R1, C= 10-6 F). The presence of an additional 

high-capacitance semicircle in the cell (R2, C= 10-4 F), is likely ascribed to such side-reaction 
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occurring in the 3DeCMF during cycling. The reaction products may lead to an overall increase 

in cell resistance and a decrease in the active sites available for ion intercalation, which can 

potentially explain why the capacity faded gradually. The rate performance in Figure 4e shows 

that the solid electrolyte cell suffers from kinetic limitations ascribed to low ionic conductivity 

compared to the liquid electrolyte, as can be clearly seen from the cell response at higher rates. 

Discharge capacity values at C/20 and C/10 remain between 250 and 150 mAh·g-1, respectively. 

At higher current values, the capacity decreases dramatically, which is indicative of such kinetic 

limitations; however, the cell was still able to recover at C/10 for another 50 cycles, with a 

discharge capacity around 100 mAh·g-1 and a coulombic efficiency of 97%.  

The integration of carbonized fiber electrodes into solid-state batteries takes advantage of their 

wetting properties and intimate interfacial connection. Despite a significant irreversible capacity, 

the solid electrolyte cells with fiber electrodes delivered a discharge capacity of over 150 mAh·g-

1 with 100% coulombic efficiency. However, the observed gradual capacity fade was attributed 

to parasitic reactions increasing the cell resistance and the blockage of active sites for ion storage. 

The Li+ intercalation into these fibers was found to be occurring at more negative potentials 

compared to liquid cells and to be intermediate between graphite and hard carbon. In the present 

work, the application of carbon microfibers in solid-state batteries and performance assessment 

represents progress towards viable carbon fibre-based solid-state anode. The recent and single 

report on the use of carbon fibres as an anode in SSBs reports specific capacities up to 92 mAh/g 

[8]. Our solid-state cells delivered a higher capacity, up to 300 mAh/g, highlighting the 

remarkable progress in performance, arising from the careful materials design and efforts to 

decrease interfacial resistance of the solid-state cell. These results open a wide range of 

opportunities, where the use and optimization of free-standing carbon fiber electrodes as anodes 

can endow all-solid-state batteries with high energy density and safety. The use of carbon fiber 

anodes can also be potentially extended to other battery chemistries and electrochemical devices 

where highly networked and seamless interfacial connections can offer advantages. 
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Supplementary Material 

See the supplementary material for the details of electrospinning mash fabrication, electrolyte 

preparation, 3D electrospun fiber characterization, electrochemical characterization, and sheet 

resistance and tensile test measurements.  
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