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Bacterial cellulose nanofiber (BCNF) with high thermal stability
produced by an ecofriendly process has emerged as a promising
solution to realize safe and sustainable materials in the large-scale
battery. However, an understanding of the actual thermal behavior
of the BCNF in the full-cell battery has been lacking, and the yield is
still limited for commercialization. Here, we report the entire process
of BCNF production and battery manufacture. We systematically
constructed a strain with the highest yield (31.5%) by increasing
metabolic flux and improved safety by introducing a Lewis base
to overcome thermochemical degradation in the battery. This
report will open ways of exploiting the BCNF as a “single-layer”
separator, a good alternative to the existing chemical-derived one,
and thus can greatly contribute to solving the environmental and
safety issues.

bacterial cellulose | lithium batteries | cellulose separator | gene
engineering

afety and environmental issues associated with the large-scale
battery are becoming a major public concern (1-3). A sepa-
rator is one of the most crucial components of a battery that is
closely related with these aspects (4). Recently, cellulose materials
have received tremendous attention as an alternative to the
polyolefin-based separators, owing to their high thermal stability
and excellent electrolyte wettability as well as natural abundance
(5-13). The separator in a lithium ion battery (LIB) should facil-
itate fast Li ion transport in the liquid electrolyte. Therefore, it
should have a porous structure for ion transfer as well as excellent
mechanical strength and thermal stability. Bacterial cellulose
nanofiber (BCNF) membrane is highly porous, hydrophilic, and
has a 3D network structure cross-linked with hydrogen bonding
between the hydroxyl groups of cellulose nanofiber; as a result,
pure BCNF shows superior physicochemical properties such as
high tensile strength and high thermal stability (SI Appendix, Fig.
S1). Although they have been extensively investigated in energy
applications (14-17), the studies on their use as separators are
limited to small-scale batteries, and they reportedly show an in-
trinsically low thermal shrinkage rate (7-9). Moreover, the yield of
BCNEF is still limited for successful commercialization (18).
Here, we report the development and in-depth characteriza-
tion of the battery full cell composed of the entire process of BCNF
production, including the genetic modification of the strain, mass
fermentation, and large-area membrane preparation, and its in-
tegration into a battery via the roll-to-roll manufacture process. We
demonstrate battery full cell with the BCNF separator showing re-
markable cycle stability with 80% capacity retention even after 1,000
cycles that is available for commercial use (19, 20). Furthermore, we
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present the highest BCNF yield per glucose (31.5%) reported so far,
by increasing the metabolic flux toward BCNF formation. Notably,
we found that the high thermal stability of the BCNF is not fully
implemented in a full-cell battery. It was identified that the structure
of BCNF is thermochemically degraded by acidic gases produced by
the decomposition of the lithium salt LiPFg, used in the battery.
This issue was overcome by including a Lewis base such as poly-
ethylene glycol (PEG) to maintain the structure and improve the
safety of the battery.

Fig. 14 schematizes the preparation of BCNFs and manufacture
of an 18650 LIB, which is cylindrical battery with a diameter
of 18 mm and a length of 65 mm. Wild-type bacterial strains,
Komagataeibacter xylinus DSM 2325 (Koma), which produce cel-
lulose nanofibers (CNFs), were obtained from the Leibniz Institute
DSMZ (German Collection of Microorganisms and Cell Cultures).
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This report describes an opportunity for the bacterial cellulose
nanofiber (BCNF) membrane, which has recently been attracting
much attention due to its sustainability and high thermal stabil-
ity, as a “single-layer,” good alternative membrane to the exist-
ing chemical-derived one in batteries, and thus allows us to find
possible solutions to the environmental and safety issues. We
achieved highest BCNF yield ever reported so far and fabricated a
cylindrical lithium ion battery (LIB) by roll-to-roll process to realize
remarkable cycle stability with 80% capacity retention even after
1,000 cycles, which is comparable to those of commercialized
batteries. Finally, we introduced a Lewis base to improve thermal
safety of the battery to a level comparable to that of a commercial
ceramic-coated separator.
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Fig. 1. Overall process for cellulose nanofiber (CNF) production and battery manufacture, and the metabolic engineering of a CNF-producing strain. (4) Overall
scheme for the construction of a bacterial CNF membrane for battery separators. (B) Schematic representation of the CNF production pathway in a metabolically
engineered strain (S.Koma-pfkA/crp). The blue lines represent the CNF biosynthesis pathway from glucose 6-phosphate. The bold red arrows indicate the het-
erologous expression of pfkA and crp gene under the control of the tac promoter. Details for the construction of plasmids, abbreviations of genes and metabolites,
and the primers used for gene modification are available in S/ Appendix, Tables S1 and S2. (C) Intracellular adenosine triphosphate (ATP), adenosine diphos-
phate (ADP), and adenosine monophosphate (AMP) ratio in wild-type Koma and S.Koma-pfkA strains. The error bar represents the SD of 3 measurements. (D)
CNF production and (E) yield of Koma, S.Koma-pfkA, and S.Koma-pfkA/crp, respectively. The yield of the by-product, gluconic acid (GA), is also shown in E.

After constructing a metabolically modified strain, we produced
large quantities of BCNF using a series of 30-L fermenters. The
BCNF was further fibrillated for disentanglement and homogeni-
zation using a high-pressure homogenizer. Subsequently, a thin
membrane was prepared by adding propylene carbonate as a pore-
making agent and carboxymethylcellulose (CMC) to control the
air permeability. Finally, we successfully manufactured a cylindri-
cal battery via a continuous roll-to-roll process (Fig. 14).

BCNF is produced through energy metabolism in a bacterial
strain, with glucose as the carbon source. Furthermore, with
genome sequencing and analysis, we reconstructed a genome-scale
metabolic network of Koma (Fig. 1B). Particularly, glucose-6-
phosphate (gbp) dehydrogenase (G6PD), which is sensitive to
adenosine triphosphate (ATP) and associated with nicotinamide
adenine dinucleotide (NAD), is a key branch-point for increasing
the CNF yield (21-23). When ATP levels increase, the activity of
G6PD is inhibited, and thus, the metabolic flux enters gbp to
produce CNF. Glucose metabolism is the main energy source of
ATP production. Interestingly, in most of the CNF-producing
bacteria, glucose is metabolized through the oxidative pentose
phosphate pathway and not the Embden-Meyerhof-Parnas (EMP)
pathway, because of a lack of the pfkA4 gene, which is encoded with
phosphofructokinase (24-26). The absence of the pfkA gene is a
very well-known genotypic feature of the Komagataeibacter species,
but the gene expression effect has not been studied well until now.

Gwon et al.

Through simulated flux balance analysis with an additional reac-
tion catalyzed by pfkA gene, we found that the expression of the
pfkA gene is more beneficial for both the CNF production rate and
specific growth rate (SI Appendix, Fig. S2). This could be because
of the production of additional moles of ATP through the intact
glycolysis upon the expression of the pfk4 gene. The simulations
suggest that using Komagataeibacter mutant with the pfkA gene
expressed as a base production strain could be advantageous for
further engineering of the process to optimize the CNF produc-
tion. Thus, we introduced the Escherichia coli pfkA gene into the
Koma (S.Koma-pfkA) to increase the intracellular ATP level (Fig.
1C and SI Appendix, Fig. S3A4), thus achieving enhanced produc-
tion and yield of CNF (Fig. 1 D and E). These results suggest that
the recovery of the EMP pathway is important for enhancing the
BCNEF production and yield. To further increase the metabolic flux
of EMP pathway, several genes (pgi, pgk, fba, tpi, gap, gpm, pck, and
mae) were constitutively expressed in S.Koma-pfkA under the
control of the tac promoter. However, the production and yield of
BCNF did not increase significantly. Previously, Deng et al. (27)
reported that the cAMP receptor protein (crp) deletion mutant
does not produce any CNFs and regulates the expression of other
genes involved in the cellulose biosynthesis. The CRP, a major
global regulator in E. coli controlling the transcription initiation of
genes, is mainly involved in the catabolism of alternate carbon
sources and central carbon metabolism (28). Moreover, the CRP
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positively regulates the expression of fba, glk, pck, and pgi genes
in E. coli. Thus, we constructed the S.Koma-pfkA/crp strain
under the control of the tac promoter (SI Appendix, Methods and
Tables S1-S5). Compared with Koma, the S.Koma-pfkA/crp strain
showed increased cellulose production (~1.3 times higher from 3.5
to 4.5 g/L) and a high increase in yield (~3 times higher from 9.5 to
28.4%) (Fig. 1 D and E). Surprisingly, the S.Koma-pfkA/crp strain
showed a sharp decrease in the yield of gluconic acid (GA) (from
64.8 to 39.2%), which is the main by-product in the production of
BCNF (Fig. 1E). These results suggest that CRP plays a role in
regulating the multiple gene expression, not only EMP pathway-
related genes to produce BCNF, but also glucose dehydrogenase
(gdh) gene to prevent by-product.

In this study, we have constructed the genome-scale metabolic
network and identified that introduction of pfkA gene is a critical
point for improving the CNF yield. Previous studies were shown
that the addition of ethanol results in a metabolic flux of g6p to
CNF biosynthesis through the inhibition of G6PD enzyme activity
by the increased levels of ATP (22, 23). Our simulation results
shows that pfkA gene is not only increased the ATP flux-sum to
35.45 mmol/grams dry cell weight (gDCW)/h from 19.16 mmol/
gDCW/h, but also central metabolic fluxes, such as glucose-6-
phosphate isomerase (pgi), fructose bisphosphate aldolase (fba),
triosephosphate isomerase (pi), glyceraldehyde 3-phosphate de-
hydrogenase (gap), and enolase (eno). However, overexpression
of these genes was not significantly beneficial to production of
CNF and yield for glucose in Koma. Interestingly, S.Koma-pfkA
strain only enhanced the intracellular ATP level, thus achiev-
ing improved production and yield of BCNF (Fig. 1 C-E). It
suggests that the reaction to fructose-1,6-phosphate from
fructose-6-phosphate by phosphofructokinase (pfk) is irreversible
step in EMP pathway. Although S.Koma-pfkA strain still pro-
duced the high yield of GA (65%), these observations suggest

that recovery of EMP pathway through pfkA gene may contribute
to the energy metabolism for production of BCNF. To fully elu-
cidate the effect of pfkA gene, further studies are underway.

To optimize the fermentation process, we used computational
fluid dynamics (CFD) (Materials and Methods) to predict the tur-
bulent energy (TE) and shear stress (SS) for various impeller types
(Rushton, pitch-blade), agitation speeds (50 to 350 rpm), and
viscosities (1 to 40 cP) (Fig. 24). By optimizing the impeller con-
figuration (pitch-type, 60°, blade number 2), we obtained higher
TE/SS ratio and mass transfer coefficient (kya), which increased
the dissolved oxygen content (Fig. 2B). We further optimized the
process with a higher dried cell mass (0.96 g/L at pH 5.0) from a
high seed cell process (S Appendix, Fig. S3B) and optimal oxygen
composition (25%). Thus, for the S.Koma-pfkA/crp, with these
optimized conditions (pitch-type-60°-blade impeller 2; seed pH,
5.0; 25% oxygen), we finally achieved higher BCNF productivity
than wild-type Koma (from 0.16 to 0.29 gBCNF/L/h). In addition,
we obtained the highest BCNF yield reported so far (from 9.5 to
31.5% gBCNF per g glucose) (Fig. 2C and SI Appendix, Fig. S3C
and Table S6). It is necessary to further improve the BCNF’s
productivity and minimize the accumulation of the GA in the in-
dustrial aspects, although our study exhibited advanced results
compared to the previous. The continuous process is considered
as the promising strategy compared to the batch fermentation.
Main barriers in the continuous fermentation are Koma cell-based
genetic instability due to long-term shear stress exposure and CNF
aggregation. Currently, further studies are being conducted for
optimized CNF continuous fermentation process to solve the re-
lated problems. Finally, we successfully mass-produced BCNF
using a series of 30-L fermentation reactors using the optimized
conditions (SI Appendix, Fig. S4).

We fabricated 15-pm-thick BCNF nonwoven membranes, con-
sisting of stacked layers with a small diameter of 21.5 + 12 nm on
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Fig. 2. CFD for optimizing the fermentation process. (4) Three-dimensional fluid models for turbulent energy and sheer stress using various impeller types: RT
(Rushton type), P45b3 (pitch type, 45°, blade #3), P60b3 (pitch type, 60°, blade #3), P60b2 (pitch type, 60°, blade #2) at 10 cP, 250 rpm. k.a (volumetric oxygen
transfer coefficient) = In(ADO)/(At) (DO, dissolved oxygen) at 40 cP, 250 rpm. The pitch-type impellers showed much higher turbulent energy with higher shear
stress than those in the Rushton-type impeller. The P60b2 impeller showed highest TE/SS and kja. (B) Dissolved oxygen vs. time; increasing the dissolved oxygen by
optimizing the impeller configuration. The viscosity gradually increases over time, and in the case of RT, DO decreased rapidly after 6 h. The pitch-type impeller
with 2 blades (P60b2) exhibited the highest dissolved oxygen amount as a function of time. (C) Plot demonstrating the improved CNF productivity and yield of the
optimized strain, S.Koma-pfkA/crp (opt). The optimized S.Koma-pfkA/crp showed much higher CNF productivity (0.29 gCNF/L/h), which is 1.8 times higher, and CNF

yield (31.5%), which is 3.3 times higher than wild-type Koma strain.
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average, with many open pores and investigated their properties
(Fig. 3 4 and B and SI Appendix, Fig. S1A4). Then, we successfully
fabricated a large-area BCNF separator that can be applied in a
continuous roll-to-roll process for producing a cylindrical battery
(Fig. 3C). The properties of separator were optimized with tensile
strength of ~60 MPa and air permeability of 200 s/100 cm™, which
is sufficient for commercial use (4). Moreover, BCNF separator
exhibited high wettability and thermal resistivity compared to
commercial polyolefin and ceramic-coated separators (CCSs) (SI
Appendix, Fig. S1 B-E). We confirmed that the BCNF can tolerate
severe thermal stress up to 338 °C via thermomechanical analysis
(TMA) (Fig. 3D). Moreover, the BCNF membrane does not shrink
and maintains its shape at 300 °C; in contrast, the CCS shrunk at
160 °C and the deformation began in a fixed frame (Fig. 3D, Inset).
Therefore, in order to verify how those superior properties of

o

o = N

Dimension change (%)
N

BCNF @ 300°C
50 100 150 200 250 300 350 400
Temperature (°C)

CCS @ 160°C

BCNF affect the electrochemical performance in the actual bat-
tery, we evaluated the full cell battery performance. The cylindrical
18650 battery (500 mA-h) with the BCNF separator showed re-
markably better cycle performance than the commercial CCS (Fig.
3E); it retained 80% of the initial capacity even after 1,000 cycles,
which implies that it is comparable for commercial batteries (19,
20). The relative direct current—internal resistance (DC-IR) in-
crease ratios of the BCNF battery increased by 9% after 300 cy-
cles, which is comparable to that of the CCS battery (Fig. 3E,
Inset). The superior electrochemical performance of the BCNF
battery is presumably owing to its cross-linked 3D network struc-
ture, which leads to high porosity, high crystallinity, low membrane
resistance, and excellent electrolyte wettability.

After confirming the excellent battery performance of BCNF,
in order to find out whether the high thermal stability of the
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Fig. 3. BCNF membrane and battery performances. (A) Side view (Left) and top view (Right) scanning electron microscopy (SEM) of the BCNF membrane. (B)
Transmission electron microscopy (TEM) and distribution of the diameter of BCNF produced with 1% carboxymethylcellulose (CMC). (C) Large-area BCNF mem-
brane and manufacture of a cylindrical LIB full cell via the roll-to-roll process. (D) Thermomechanical analysis (TMA) of the ceramic-coated separator (CCS) and BCNF
separator. The BCNF exhibited much higher thermal tolerance up to 338 °C compared than that of 165 °C of the CCS. The Inset shows the thermal resistivity in a
fixed frame at 160 °C (CCS) and 300 °C (BCNF), respectively. (E) Life cycle performances of CCS and BCNF in 18650 battery full cells. The Inset shows the relative
direct current-internal resistance (DC-IR) increase ratios after every 100 cycles at 25 °C.
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BCNF is implemented in the actual full cell, we first investigated
the thermal behavior of the BCNF separator via the hot-box test
under rather harsh conditions at 170 °C. Consequently, the BCNF
separator, even as a single-layer membrane, showed higher ther-
mal stability than a commercial polyolefin separator (Fig. 44).
However, in order to clarify the reason why the excellent thermal
stability of the BCNF (SI Appendix, Fig. S1 D and E) is not fully
implemented in the full cell battery, we further investigated the
effect of the actual battery environment on the BCNF mem-
brane. X-ray photoelectron spectroscopy analysis revealed many
LiF, C-F,, P-O, and C-O species on the surface of BCNF after
heat exposure (SI Appendix, Fig. S5), which implies that chemicals,
including F species, are deposited on the surface. A battery con-
tains various chemical components such as electrodes, binders,
conducting agents, and electrolytes. Such a chemical environment
might cause complex chemical reactions with the BCNF, and thus
significantly affect its safety performance. Among various battery
components, an electrolyte containing lithium salts and carbonate-
based solvents is the most likely candidate that can react with the
BCNFs because of its relatively high chemical reactivity. We per-
formed differential scanning calorimetry to find that each of the
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carbonate solvents such as ethylene carbonate (EC), ethyl methyl
carbonate (EMC), dimethyl carbonate (DMC), and vinylene car-
bonate (VC) reacts with the BCNF at a relatively high tempera-
ture (>280 °C) (SI Appendix, Fig. S64). In contrast, in the presence
of lithium hexafluorophosphate (LiPFs), an exothermic reac-
tion occurred below 200 °C (SI Appendix, Fig. S6B). Interestingly,
ex situ hot-box test with heat exposure (170 °C for 1 h) revealed
that the BCNF is carbonized to a dark material at high tempera-
tures, with significant deterioration of its mechanical strength, only
when an electrolyte containing LiPFs was used (Fig. 4 B-D). We
observed various anions such as F~, PFs~, and PO,>~ on the car-
bonized BCNF (SI Appendix, Fig. S6C). Moreover, the crystallinity
of the BCNF decreased (11) and the Fourier-transform infrared
(FTIR) intensity of the C-O bonds caused by the decomposition of
the cellulose structure increased as the temperature increased
from 25 to 170 °C (SI Appendix, Fig. S6 D and E), implying that the
BCNF could pyrolyse into levoglucosenone much more easily at
higher temperatures (SI Appendix, Fig. S6 F and G).

It is well known that LiPF¢ decomposes into strong Lewis acids,
such as LiF and PFs, at elevated temperatures that could chemi-
cally attack the BCNF (29, 30). Therefore, to reduce the effect of
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Fig. 4. Thermal safety performances and characterization of BCNF. (A) Thermal safety performance of BCNF and polypropylene/polyethylene/polypropylene
(PP/PE/PP) (purchased from Celgard). (B) Photographs showing the carbonization of BCNF at 170 °C. (C) BCNF with the electrolyte (EL) (without LiPFg) at
170 °C. (D) BCNF with the EL (including LiPFg) at 170 °C. The BCNF is carbonized only in the presence of LiPFe. (E) Thermal safety performance of BCNF,
enhanced thermal safety of PEG/BCNF, and ceramic-coated separator (CCS) (purchased from Toray) in the hot-box test. (F) Fourier-transform infrared (FTIR)
spectra of BCNF and PEG/BCNF, heat-treated at 170 °C. The C-O, P-O-C, and PFg peaks in FTIR on the carbonized BCNF decreased on the PEG/BCNF. (G)
Evolved gas analysis (EGA) of the EL, BCNF + EL, and PEG/BCNF + EL, respectively. The total amount of evolved gas was drastically reduced on the PEG/BCNF.
(H) Solid-state '*C CP-MAS NMR spectra of heat-treated BCNF, BCNF + EL, and PEG/BCNF + EL at 170 °C. The BCNF showed typical peaks of cellulose, viz.,
distinguishable chemical shifts corresponding to the 6 carbon atoms in cellulose, according to their different bonding. However, these characteristic NMR
signals decreased sharply and peaks related to C-H appeared simultaneously, when BCNF was heat-treated with an electrolyte containing LiPFg, implying that
it transformed to aliphatic chain forms owing to structural degradation. In contrast, the PEG/BCNF shows NMR peaks in keeping with the structural char-

acteristics of cellulose.
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these Lewis acids, we introduced a Lewis base such as PEG
to maintain the cellulose structure and enhance the thermal sta-
bility of the battery. Indeed, the carbonization of BCNF could be
mitigated by introducing PEG into the electrolyte (SI Appendix,
Fig. S74). Therefore, we intended to insert PEG directly into the
BCNF (SI Appendix, Fig. S7 B and C). Consequently, we dem-
onstrated the improved thermal safety of the battery in full-cell
level (Fig. 4F). This implies that the outstanding safety perfor-
mance, which is comparable to that of commercialized CCS, can
be obtained by the BCNF membrane as a “single-layer” separator
system without any support layers.

We confirmed the disappearance of the C-C bond at 1,580 cm™
through Raman spectroscopy (SI Appendix, Fig. S7D), and the
structural deterioration of the BCNF was also mitigated (SI Ap-
pendix, Fig. STE). FTIR spectral analysis confirmed a drastic de-
crease in the intensity of the C-O peak owing to the collapse of the
cellulose structure (Fig. 4F). Interestingly, there was no PFs gas
generation upon the introduction of PEG, whereas POF; and PFs
gases were generated when only BCNF was used (Fig. 4G). In
the *C cross-polarization/magic angle spinning (CP/MAS) NMR
spectrum (Fig. 4H), the BCNF containing PEG shows NMR peaks
with the structural characteristics of cellulose maintained, which is
mainly attributed to the effective reduction of the Lewis acids in
the presence of PEG. Based on our findings, we could further
improve thermal safety of BCNF through further safety-enhancing
research, and thus the BCNF membrane could be an outperforming
next-generation separator for sustainability, thermal safety,
and battery performance.
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In summary, we presented the entire process for the pro-
duction of sustainable BCNF and battery manufacturing. A max-
imum BCNF yield was achieved through the genetic manipulation
of the strain and optimal fermentation based on the understand-
ing of their complex metabolic flux system. We demonstrated a
large-capacity battery, showing superior cycle life compared to the
commercialized battery, by installing a large-scale fermentation
reactor and fabrication of a uniform large-area BCNF membrane
using CFD and pore-forming controls. In particular, we improved
their safety performance by introducing a Lewis base such as PEG
to maintain the CNF structure, based on the identification of the
BCNF’s degradation mechanism through the thermochemical re-
action with the electrolyte component in the actual battery system.
The results obtained in this study suggest that the BCNF mem-
brane, which has intrinsically high thermal stability, can be a
promising alternative to the chemical-derived membrane, as a
sustainable safety-enhanced separator for the next generation of
batteries.

Materials and Methods

Details of bacterial culture, construction of plasmids, genome sequencing of
Koma, and construction of metabolically engineered strains and plasmids
appear in SI Appendix. CFD method, fermentation procedure, preparation
and characterization of the BCNF separator, 18650 cell preparation, and
electrochemical analysis are also in S/ Appendix.
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