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ABSTRACT Lignin-derived biochar was prepared and characterized towards potential
applications as a conductive electrode additive and active lithium host material within lithium-ion
batteries (LIBs). This biochar was specifically selected for its high electrical conductivity, which
is comparable to that of common conductive carbon black standards (e.g., Super P). Owing to its
high electrical conductivity, this biochar serves as an effective conductive additive within
electrodes comprised of graphite as the active material, demonstrating slightly improved cell
efficiency and rate capability over electrodes using carbon black as the additive. Despite its
effectiveness as a conductive additive in LIB anodes, preliminary results show that the biochar
developed in this work is not suitable as a direct replacement for carbon black as a conductive

additive in LiFePO4 (LFP) cathodes. This latter insufficiency may be due to differences in particle



geometry between biochar and carbon black; further optimization is necessary to permit the
application of biochar as a general-purpose conductive additive in LIBs. Nevertheless, these
investigations combined with an assessment of greenhouse gas emissions from biochar production
show that replacing carbon black with biochar can be an effective method to improve the

sustainability of LIBs.
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INTRODUCTION.

The wider application of electrochemical energy storage devices, especially lithium-ion
batteries (LIBs), is a critical component of strategies to reduce the global reliance on fossil fuels
and slow global warming. However, several fossil-fuel-derived products are still commonly used
in fabricating most LIBs, including artificial graphite and carbon black, along with several other
minor components. In addition to being derived from fossil fuels, producing these materials results
in greenhouse gas emissions of up to 2.4 kg CO, equivalent per kg carbon black or up to 4.4 kg
COs equivalent per kg artificial graphite.!-? In order to make LIBs more sustainable and less reliant
on fossil-fuel-derived chemicals, the development of high-performance carbon materials from
renewable feedstocks is needed.

A possible alternative to petroleum-derived graphite and carbon black is high-temperature
biochar. Biochar is produced by the pyrolysis of biomass, resulting in a solid, carbonaceous
powder (similar materials are also referred to as biocarbon, carbonized biomass, activated carbon,
non-graphitized carbon, and char).** The physicochemical properties of biochar, and therefore the
inherent electrical conductivity, vary depending on the feedstock and pyrolysis conditions used.
With optimal processing conditions, biochar can be produced with comparable chemical
composition and electrical properties to commercial carbon black.> In particular, biochar
produced from lignin feedstocks shows higher biochar yields and electrical conductivity than that
produced from other biomass precursors.®!” Further, lignin is a well-known waste byproduct of
the papermaking industry and biorefinery processes; upcycling waste lignin into a valuable product
can improve the sustainability of these industries and advance the circular economy.!!

Biochar has previously been studied as an alternative active material to graphite in the

anode of LIBs.>!'?!? Like other synthetic disordered carbons (e.g., activated carbons), biochar can



be produced that exhibits higher specific capacity than graphite via increased surface and edge
adsorption in a “house of cards” type model of capacitive ion storage.'* The performance of
biochar as an active anode material is dependent on the electrical conductivity, graphitic structure,
porosity, and chemical composition of the biochar.!%!> Specifically for lignin-derived biochar,
varying performance has been reported depending on the source of the lignin, pyrolysis conditions,
and pre- and post-pyrolysis processing.'®!®"' Despite strong interest in biochar as an active
material, little attention has been given to biochar as an alternative conductive additive in the anode
or cathode of LIBs, which typically account for up to 10% of the total mass of the electrode. In
fact, all previous studies applying biomass-derived carbon as the active material in LIBs still use
petroleum-derived carbon black as the conductive additive. The similar disordered graphitic
structure and electrical conductivity of biochar to carbon black demonstrate its potential as an
alternative to carbon black in electrode applications.’™®

Herein, we evaluate the use of high electrical conductivity biochar as both the conductive
additive and active electrode material in the graphite anode of standard LIBs and compare biochar
against a standard conductive additive (Super P carbon black) and active material (artificial
graphite). Biochar was produced by direct pyrolysis at 1100 °C from alkali lignin isolated from
hybrid-poplar wood. Preliminary work was also carried out to determine the efficacy of the same
biochar as a conductive additive within a standard LiFePO4 (LFP) cathode, as well as the
reductions in greenhouse gas emissions associated with replacing carbon black with biochar. Based
on the similar electrical conductivity of biochar and Super P, we hypothesized that highly
conductive lignin-derived biochar would be an effective and renewable alternative for carbon
black as a conductive additive without needing to alter any of the processing conditions or other

components of the LIB. The results shed insight into the role of particle size and shape, in addition



to inherent materials properties as playing a crucial role in permitting the use of biochar as a

conductive additive in LIBs.

EXPERIMENTAL METHODS.
Materials

A benchmark, high-performance commercial graphite with extensively reported
electrochemical properties?’ was obtained from Sigma-Aldrich (product #282863, 20 pm nominal
particle size) as a standard active anode material. Two commercial carbon blacks were obtained
for comparison to biochar: Super P (Timcal Ltd.) and Vulcan XC-72R (Cabot Corp.). A standard
active cathode material, LiFePO4 (LFP) was obtained from MTI Corp. (battery grade, median
diameter: 3.5 = 1.0 pm).

The following materials were used in the preparation of electrochemical cells: lithium
hexafluorophosphate (LiPFs, battery grade, Gotion Inc.), ethylene carbonate (EC, battery grade,
Gotion Inc.), ethylmethyl carbonate (EMC, battery grade, Gotion Inc.), fluoroethylene carbonate
(FEC, battery grade, Gotion Inc.), lithium metal (chips, 99.9%, MTI Corp.), glass microfiber discs
(0.67 x 257 mm, GF/D grade, catalog number 1823-257, Whatman), polyvinylidene fluoride
(PVDF, 99.5%, MTI Corp.), N-methyl-2-pyrrolidone (NMP, 99.0%, Sigma-Aldrich), copper foil

(thickness: 9 um, MTI Corp.), and aluminum foil (thickness: 15 um, MTI Corp.).

Biochar Synthesis
Lignin was isolated from an NM-6 hybrid poplar genotype with an alkaline pre-extraction
treatment at 95 °C, as previously described.?! To reduce moisture content, the so-isolated lignin

was stored in a drying oven at 105 °C for at least 24 h prior to pyrolysis. Biochar was produced by



the pyrolysis of 1 g of lignin in an alumina boat (100 mm x 20 mm % 13 mm) within a tube furnace
fitted with an alumina work tube (Mini Mite, Lindberg/Blue M) under nitrogen atmosphere.?? The
heating zone was purged at 100 mL min™' for 10 min prior to heating; the flow was reduced to 30
mL min™! during pyrolysis. The furnace temperature was ramped at 10 °C min™' to a maximum
temperature of 1100 °C, held at the setpoint for 1 h, then allowed to cool to room temperature.
After pyrolysis, the resulting biochar was triple washed with deionized water to dissolve sodium
sulfate impurities and then dried at 105 °C. To reduce particle size, the biochar was then ball-
milled (Mixer Mill 400, Retsch) at 30 Hz (1800 rpm) for 2.5 min with a 50 mL steel jar and a 25
mm steel ball, and then stored in a drying oven at 105 °C until use.
Materials Characterization

Fourier transform infrared spectroscopy (FTIR) was performed using a Thermo Fisher
Nicolet iS10 FTIR spectrometer with a Smart iTX ATR accessory employing a diamond crystal.
FTIR spectra were collected between 600-4000 cm™! at a resolution of 4 cm™ and with 64 scans
per sample and analyzed using SpectraGryph software (v. 1.2.14, Friedrich Menges Software-
Entwicklung). Raman spectroscopy was performed using a Horiba LabRam HR Evolution
spectrometer outfitted with a confocal microscope. Raman spectra were collected using a 50x long
working distance objective, 1800 gr/mm grating, and by irradiation with a frequency-doubled
Nd:YAG laser (532 nm) operated at 1-10 mW. The spectra were fitted and analyzed as described
elsewhere.?? X-ray diffraction (XRD) was measured using a Bruker D8 Advance powder X-ray
diffractometer with Cu Ka > radiation. XRD patterns were collected between 5-80° in 20 using a
step size of 0.02° per step. Scanning electron microscopy (SEM) was performed using a Zeiss
Supra 55VP field-emission SEM operated at 1 kV with an SE2 detector, with a working distance

of approximately 7.5 mm. Energy-dispersive X-ray spectroscopy (EDX) was performed during



SEM using an Oxford Xplore detector. EDX spectra were measured at 250% magnification with a
working distance of 8.4 mm. Biochar and carbon black particle size distributions were measured
with ~100 mg of material using a Malvern 3000 laser diffraction particle size analyzer with
distilled water as a dispersant.

Direct current (DC) electrical conductivity was measured under compression using a guard
electrode setup as described in detail elsewhere.?* Typically, 150 mg of biochar or carbon black
was placed in the sample holder, and resistivity measurements were performed every 0.0127 cm
(0.005 in) upon compression from the lower current limit of the source meter (Keithly 2450) until
further compression could not be applied. All electrical conductivity measurements were
performed in triplicate.

Electrode and Cell Fabrication
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Figure 1. Schematic of electrochemical cell assembly. See Table 1 for different prepared
compositions of the carbon electrode.
Seven different permutations of electrode composition were prepared, employing either
graphite, LFP, or biochar as the active material and Super P, biochar, or no material as the
conductive additive, as shown in Table 1. First, slurries were prepared by hand-grinding the active

material (80 wt.%) with conductive additive (10 wt.%) and polyvinylidene fluoride (PVDF) as a



binder (10 wt.%) in NMP as the solvent. In slurries where no conductive additive was used, the
weight of the conductive additive was replaced with the active material. Next, the so-obtained
slurry was uniformly cast onto a metal foil current collector using the doctor blade technique, dried
at 80 °C for 12 h, and then transferred to a vacuum oven at 100 °C for an additional 12 h to remove
moisture and solvent. Copper foil was used for electrodes containing graphite or biochar as the
active material, while aluminum foil was used for electrodes with LFP as the active material. The
resulting electrode was cut into disks with a diameter of 10 mm, with uniform loadings of 2.5-3.0
mg cm? (£0.2 mg cm™). Coin cells (316 stainless steel, 2032 format) were assembled in an argon-
filled glove box in a two-electrode configuration with lithium metal serving as the counter and
reference electrode, a glass microfiber disc as the separator, and a solution of 1.2 M LiPFs in
EC/EMC (3:7, by weight) with 2 wt.% FEC as the electrolyte (125 pL per cell) as shown in Figure

1.

Table 1. Cell compositions (by weight) in this study.

Active Material

Graphite Biochar LFP

Super P | 80% Graphite =~ 80% Biochar 80% LFP
10% Super P 10% Super P 10% Super P

Biochar | 80% Graphite ~ 90% Biochar 80% LFP
10% Biochar 10% Biochar

Conductive Additive

(none) | 90% Graphite  90% Biochar N/A

Note: all cells contained 10% PVDF binder as the remaining portion by weight.



Electrochemical Characterization

Galvanostatic charge and discharge (GCD) profiles were measured in half-cell
configuration for all cells using a battery cycler (CT30001A, Landt Instruments) within an
incubator oven held at a constant temperature of 25.0 °C. For graphite and biochar as the active
material, the lithiation process (discharging) was measured using a two-step constant current
constant voltage (CCCV) protocol, and the delithiation process (charging) was measured using a
single-step constant current (CC) protocol, between 0.05-1.5 V vs. Li/Li". A CC formation cycle
was first performed at a current rate of 0.1 C (where the C rate is defined as 370 mA g for both
graphite and biochar) and then allowed to rest for 5 min before further cycling. For LFP as the
active material, lithiation (charging) was measured using a CCCV protocol, and delithiation
(discharging) was measured using a CC protocol, between 2.0-4.0 V vs. Li/Li*. In all cases, five
initial cycles were carried out at 0.2 C (for a total of 5 h during CCCV discharge) to establish a
robust electrode-electrolyte interphase. The rate capability of each electrode was evaluated at
current rates of 2 C, 4 C, 6 C, 8 C, 10 C, 20 C, and 40 C. The CCCV lithiation of graphite and
biochar was performed until the total discharging time was 30, 15, 10, 7.5, 6, 3, or 2 min,
respectively. Electrochemical impedance spectroscopy (EIS) was measured both in situ (in newly
formed cells) and ex situ (on bare electrodes never cycled within a coin cell). For ex situ
measurements, spectra were collected using a four-point probe to reduce the impact of system
resistance, system inductance, and contact resistance using a Gamry Reference 600 potentiostat

from 0.1 Hz to 100 kHz with an applied voltage of 0.5 mV.



RESULTS & DISCUSSION.
Biochar Characterization

The biochar produced in this study (referred to in previous work as HL1100%) shows
comparable electrical conductivity (9.1£0.89 S cm™) to the commercial carbon black powders
commonly employed as the conductive additive in LIBs: Super P (7.959+3.1 S cm™') and Vulcan
XC-72R (6.9£2.0 S cm™) (Figure 2a). The carbon structure contributing to this electrical
conductivity was explored using Raman spectroscopy and XRD. All three materials show broad
D (~1340 cm™) and G (~1580 cm™) peaks in their Raman spectra, indicating nanocrystalline
graphitic structure with significant disorder. Importantly, all three materials exhibit a similar G
peak width of ~116 cm™!' at the half-maximum and a D:G intensity ratio of ~1.0 (Figure 2b).
Similarly, XRD patterns of all three materials show the presence of broad (002) and (10/)
reflections characteristic of turbostratic graphite (Figure 2¢). In biochar and both carbon black
materials, the (002) reflection is shifted to a lower angle than pristine graphite, indicating increased
interlayer distance. As a subtle difference, the biochar exhibits a more prominent (10/) family of
reflections than either of the carbon black materials and a slightly lower D:G ratio, indicating
higher in-plane ordering. Hence, biochar’s slightly higher electrical conductivity can be attributed
to the existence of larger graphene domains than carbon black despite similar or perhaps poorer

ordering along the stacking direction.
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Figure 2. Materials properties of biochar compared to two commercial carbon black materials:
Super P and Vulcan XC-72R. (a) Mean electrical conductivity as a function of packing fraction
(the shaded region represents one standard deviation based on triplicate analysis). (b) Raman
spectra as measured at an incident wavelength of 532 nm. (c¢) XRD patterns. (d-f) SEM
micrographs at 6000x magnification (inset at 225k* magnification).

Despite similarities in electrical conductivity and graphitic structure, important differences
in the particle morphology between biochar and the two carbon materials were observed upon
electron microscopy investigation. A distinctively textured (“fluffy”’) surface structure was
observed for Super P and Vulcan XC-72R (Figure 2e-2f). This structure is a result of the nodule-
aggregate-agglomerate structure of carbon black wherein small (<100 nm) carbon black nodules
(primary particles, inset in Figure 2¢) form larger (<1 um) aggregates that cluster into 10-20 pum
agglomerates.?’ In contrast, biochar exhibits a more prismatic structure with smooth surfaces due

to the ball-milling that was performed to reduce particle size (Figure 2d). While biochar appears
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to have a smaller median particle size of 8.7 um than either carbon black (17.6 and 14.5 um for
Super P and Vulcan XC-72R, respectively, Figure S2), these particle sizes do not account for
deagglomeration during mixing.?>® As a result of these morphological differences, biochar has a
higher unpacked bulk density than either carbon black, resulting in a higher electrical percolation
threshold (Figure 2a). When considering chemical composition, EDX measurements indicate that
biochar has higher oxygen content than either carbon black (Figure S2). This oxygen content is
directly proportional to defects within the graphitic carbon structure.* Before washing to remove
inorganic impurities, sodium and sulfur were also observed in the biochar; FTIR and XRD reveal
this as sodium sulfate (Na2SOs4) (Figure S2). Past studies have differed in their interpretation of
the role that sodium sulfate plays during pyrolysis to produce biochar. Some studies hypothesize
that sodium sulfate catalyzes the formation of graphitic structures, while other studies propose that
sodium sulfate inhibits it.?”?° After washing, limited sodium, and sulfur remain in the biochar, and
no XRD peak corresponding to Na>xSOs is present (Figure S2).

The biochar prepared in this work shows similar properties to highly conductive biochars
produced in past studies. A review of 52 biochars produced at pyrolysis temperatures between
900-1400 °C from various feedstocks showed an average electrical conductivity of 12.7 S cm™,
with a wide range of electrical conductivities from 0.1-95 S cm™.¢ The biochar characterized herein
is similar in electrical conductivity to the aforementioned average. Only a limited increase in
electrical conductivity is observed after pyrolysis above 1100 °C, as full percolation between
graphitic crystallites can be achieved.*® Biochars prepared in previous work also exhibit similar
structure, with Raman D:G ratios of ~1 when characterized using 532 nm incident radiation and
broad (002) and (10/) XRD reflections.>! "> The graphite used in this study has been extensively

characterized in past work, referred to therein as AG20.%°
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Electrochemical Characterization

Electrochemical characterization of biochar compared to graphite within a half-cell
configuration and using a standard LIB electrolyte is shown in Figure 3. At low current rates, the
GCD profiles (Figure 3a) show that the typical staging features associated with the lithiation and
delithiation of pristine graphite are lacking for the more disordered biochar. Most of the capacity
in biochar is found within the sloped region of the GCD profile, which is consistent with a
capacitive mechanism of charge storage typical of hard carbons.!* At high current rates (using a
CCCV lithiation protocol), the biochar displays nearly identical CCCV capacity to graphite
(Figures 2b-2d). For example, both biochar and graphite display capacities of ~160 and ~120 mAh
glat4 Cand 10 C rates, respectively. The similar capacity for both materials indicates that at high
rates, charge storage at the electrode interface becomes dominant owing to limitations in ion
mobility originating from higher charge transfer resistance and solid-state diffusion within the
graphite galleries. However, at low rates (0.2 and 2 C), graphite exhibits a much higher capacity
than biochar as an active material (Figure 3a). This low-rate performance indicates that the biochar
has a relatively low surface area accessible for ion adsorption compared to the inner “surface area”
of the graphite galleries. There is no meaningful difference in Coulombic efficiency between

graphite and biochar within this electrochemical protocol (Figure 3e).
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Figure 3. Comparison of biochar and artificial graphite as the active material in the anode of
LIBs, with (80% active material) and without (90% active material) Super P conductive additive.
Representative GCD profiles for graphite and biochar at charging rates of (a) 0.2 C, (b) 4 C, and

(c) 10 C, with points indicating maximum discharge specific capacity prior to CCCV cutoff

(additional measurements are shown in Figures S3 and S4 and in Table S1). Rate capability
measurements of graphite and biochar showing (d) capacity and (e) Coulombic efficiency for
charging rates from 0.2 C to 40 C.
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Conductive Additive in LIB Anodes

Comparisons of biochar and super P as a conductive additive via GCD cycling and rate
capability investigations show only minor differences between the two materials (Figure 4). There
is no significant difference in the capacity of graphite measured at 0.2 C in the presence of either
conductive additive (Figure 4a); the average specific capacity was 329.2+1.4 mAh g' for
electrodes containing biochar and 336.5£1.0 mAh g for electrodes containing Super P. This
reduction in capacity can be observed in the discharge curve, where cells with biochar as the
conductive additive reach the CC voltage cutoff (0.05 V) at a slightly lower capacity than Super P
cells (Figure 4a, inset). The rate capability measurements at up to 40 C corroborate previous
results* that the specific type of graphite chosen for this work exhibits excellent performance at
extremely high current rates when combined with a conductive additive. In the extremely high
current rate regime, the capacity of graphite declines to ~77 mAh g at 20 C and ~40 mAh g at
40 C in the presence of both additives, though slightly higher with biochar than Super P. In the
final measurements at 2 C, electrodes with biochar as the conductive additive exhibit a marginal
increase in capacity (237+16 mAh g!) relative to electrodes containing Super P (209£20 mAh g
. All cells with either biochar or Super P as the conductive additive display a Coulombic
efficiency of ~100% at current rates from 2-10 C (Figure 4c). Together, these results indicate that
the biochar developed herein yields comparable performance as a standard conductive additive,
Super P, commonly used in commercial LIBs. This is further supported by four-point impedance
measurements of the ex situ electrodes, where electrodes with biochar as the conductive additive
exhibit lower impedance (0.0006 Q) than identical electrodes prepared with carbon black (0.004

Q) in the frequency range of 10”!' to 10? Hz (Figure S6).

15



The above results show that a 10 wt.% addition of biochar or Super P permits the full
cycling of graphite at low current rates (0.2 C), where without any conductive additive, the
performance of graphite is reduced by 17%. However, at higher rates, a similar capacity is found
in cells with or without conductive additive. This difference can be attributed to a change in the
primary charge storage mechanism at low and high current rates. At 0.2 C, the charge storage
mechanism is primarily faradaic, and the electrical conductivity contributed by the conductive
additive is needed to ensure connectivity of the entire electrode mass. At faster rates, the charge
storage mechanism shifts to primarily capacitive. The similar behavior at higher current rates
indicates that the electrode mass available for ion adsorption as opposed to intercalation is the
same regardless of the presence of additive. Accordingly, cells with biochar as the active material
exhibit a less significant decrease in low-current capacity in the absence of conductive additive

than cells with graphite.
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Figure 4. Comparison of Super P and biochar as the conductive additive in the anode of LIBs,
with 80% graphite, 10% Super P or biochar, and 10% PVDF. (a) GCD profiles of graphite at 0.2
C. The inset highlights the region of maximum lithiation prior to CCCV cutoff (shown by the red
box), with marked points indicating maximum discharge specific capacity prior to CCCV cutoff

(additional measurements are shown in Figure S5 and in Table S2). Rate capability
measurements of graphite showing (b) capacity and (c) Coulombic efficiency for charging rates
from 0.2 C to 40 C.
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Conductive Additive in LIB Cathodes

In contrast to its effective application as a conductive additive in graphite-based LIB anodes,
biochar was not found to be an effective additive within LFP-based cathodes in this work (Figure
S7). Half-cells containing a standard commercial LFP powder as the active material and biochar
as the conductive additive in the working electrode exhibited no capacity. In contrast, control cells
with Super P as the conductive additive exhibited a reversible capacity of 170 mAh g!' at 34 mA
g’! (both normalized per mass of LFP). We hypothesize that this result is due to two major
differences between biochar and Super P: the higher density of biochar and the fluffy morphology
of Super P (a property it shares with other carbon blacks, such as Vulcan XC-72R). In electrodes,
the effective size of carbon black is observed to be smaller than biochar for both graphite and LFP-
based electrodes (Figure S9). In graphite-based electrodes, this difference in particle size may not
play an important role, due to both the higher electrical conductivity of graphite, and larger particle
size of graphite relative to both carbon black and biochar. However, in LFP-based electrodes,
biochar is observed to be much larger than LFP particles, resulting in ineffective dispersion and
bridging between particles. In contrast, carbon black is observed to be both smaller than LFP
particles and well dispersed between LFP particles.

Together, these differences result in a higher electrical percolation threshold for biochar
than Super P. This higher percolation threshold was observed in the packed powder electrical
conductivity measurements presented herein (Figure 2a) and has also been previously observed
for electrically conductive biochar in polymer composites.®> This finding is further supported by
ex situ four-point EIS measurements of the cathodes, which reveal that the impedance of the
biochar-containing electrodes (>1.5 GQ) is many orders of magnitude larger than that of Super P-

containing electrodes (0.07 €, Figure S8). This limitation to the application of biochar as a
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universal conductive additive may highlight the importance of the fluffy particle structure of Super
P. The texture of both Super P and Vulcan XC-72R is composed of small (<100 nm) nodules
formed during spray pyrolysis, giving both materials a high void volume and low unpacked
density.>® When dispersed in the PVDF binder, this fluffy structure results in a reduced percolation
threshold relative to the compact structure of biochar. Further investigation is necessary to
understand how the biochar production process can be modified to combat this issue, whether by
modifying the synthesis conditions or post-synthetic processing.
Greenhouse Gas Emissions Assessment

The production of an effective conductive additive for battery electrodes from lignin
presents as a more sustainable alternative to the spray pyrolysis of fossil-fuel-derived chemicals.
However, to date, no comprehensive study has been performed to determine the environmental
impacts of biochar produced at temperatures higher than 900 °C. While a comprehensive life cycle
assessment is outside the scope of this study, the global warming potential of production of 1 kg
of biochar is estimated with the system boundary shown in Figure S1. This estimate is based on
the original carbon content of the lignin (54%), the biochar yield (27.2% or 3.7 kg lignin per kg
biochar), and the carbon content of the resulting biochar (83.7%)¢ with the assumption that
pyrolysis is net energy neutral®’° (more details are provided in the Supporting Information). This
value should be compared to the greenhouse gas emissions required to produce 1 kg carbon black
(2.4 kg COz equivalent)? and that resulting from the atmospheric combustion of 3.7 kg lignin (7.7
kg COz equivalent) which results in the additional production of 36.2 MJ of electricity.** The
production of 1 kg of biochar results in net greenhouse gas emissions of 1.2 kg CO» equivalent,
with additional emissions of 3.9 kg CO» equivalent produced to replace the energy that otherwise

would be produced by combustion of the 3.7 kg lignin.*! This results in a total estimated emission
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of 5.1 kg for the production of 1 kg of biochar, compared to 10.0 kg for the production of 1 kg of
carbon black and the combustion of 3.7 kg of lignin. The net change in emissions from producing
biochar from lignin rather than combusting lignin is -0.657 kg CO» equivalent per kg of lignin.
Therefore, the use of biochar rather than carbon black is estimated to reduce emissions by 4.9 kg
COz equivalent per kg of conductive additive used, a reduction of 49%. This decrease is primarily
due to two factors: the production of biochar resulting in lower emissions (1.2 kg CO» equivalent)
than the production of carbon black (2.4 kg CO; equivalent) and that energy produced by the
combustion of lignin results in more emissions (0.209 kg CO, eq. MJ™!) than the electricity grid
(taken herein as the average emissions associated with the electrical grid in the United States in
2020: 0.108 kg COz eq. MJ )4

While no studies to date have examined the environmental impacts of high-temperature
biochar, past studies have found the global warming potential of biochar production to increase
linearly as temperature increases between 300-600 °C.** When this relationship is extrapolated to
biochar produced at 1100 °C, a net global warming potential of -0.134 kg CO» equivalent per kg
feedstock is estimated. This result is comparable to the estimate of -0.657 kg CO» equivalent per
kg lignin derived herein, when not including the avoided impacts of carbon black production. A
complete life cycle assessment, including other environmental impact factors and the application
and end-of-life stages of the material, is needed to fully compare the environmental impacts of
biochar and carbon black as a conductive additive. Until this is performed, in the production phase,
the use of biochar is estimated to reduce the global warming potential of the conductive additive
for LIB electrodes relative to carbon black.

Importantly, this estimate assumes that the pyrolysis process is net energy neutral - that the

energy requirements of pyrolysis are met by heat, bio-oil, and syngas co-products. This assumption
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is well established for lower temperature pyrolysis processes,’’ >’ but additional study of high
temperature pyrolysis processes is needed to verify this assumption for the materials discussed
herein. The reductions in greenhouse gas emissions estimated herein support the environmental
benefits of replacing artificial graphite with highly graphitic biochar that have been produced at
similar temperatures to those examined in this study.!® As the materials examined in past studies
use similar pyrolysis temperatures and result in similar biochar yields to this study, similar
reductions in greenhouse gas emissions are expected to those estimated herein.
Discussion

As hypothesized, the pyrolysis of lignin at 1100 °C results in an electrically conductive
biochar that is comparable to a standard carbon black (Super P) as the conductive additive in the
graphite anode of LIBs. Slightly poorer capacity was exhibited by biochar-containing cells at low
current rates, while slightly higher capacity was exhibited at high current rates, compared to Super
P. These results indicate that biochar can be produced by a simple method as an acceptable
replacement for carbon black in LIB anodes. However, the failure of the same biochar as a
conductive additive in a standard LFP-based LIB cathode demonstrates the limitations of this
material in replacing carbon black in all battery electrode compositions. Previous studies have
successfully produced biochars with <I pum particle size via ball milling > or “fluffy” morphology
via spray pyrolysis*. Further investigations of similar approaches may result in a biochar material
with a shape and density more similar to carbon black, while maintaining the strong electrical
conductivity found in this study, to address the poor percolation behavior of the biochar produced
by direct one-pot pyrolysis as investigated herein.

The biochar produced in this study exhibits a lower specific capacity as the active material

than that reported for similar materials produced in past studies.!®!”!® Such differences are likely
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owed to a difference in specific surface area (for capacitive-type charge storage) or in crystallinity
(for intercalation-type charge storage), both of which can be widely varied by tuning the synthesis
conditions. The biochar produced herein was optimized with a focus on maximizing electrical
conductivity rather than producing biochar with high surface area or a highly graphitic structure.
Hence, the biochar in this study performs well as a conductive additive but foregoes a focus on the

role of the additive in increasing the overall capacity of the electrode.

CONCLUSIONS.

Biochar can be produced from lignin with limited processing and demonstrated to be
comparable in terms of electrical conductivity and graphitic structure to standard commercial
carbon blacks. The particle density and morphology achieved in this work serve biochar well as
an effective replacement for carbon black as the conductive additive in the graphite-based anode
of LIBs. However, the similar application of biochar in an LFP-based LIB cathode is ineffective,
likely owing to its high percolation threshold relative to carbon black. This biochar was selected
based on its high electrical conductivity rather than surface area or ordered graphitic structure that
has been prioritized in past investigations of biochar as an active electrode material; as a result,
this biochar exhibits lower capacity as an active material than materials specifically optimized as
an active material in past studies. When combined with past research on bio-based active materials
(e.g., highly graphitized biochar),'®!* this study reveals a path forward to LIBs with only bio-based
carbon materials. Such a replacement is estimated to reduce the greenhouse gas emissions
associated with the production of conductive additives for battery electrodes by 49% and reduce
the reliance on fossil fuel-derived products, improving the sustainability of LIBs without any

degradation of battery performance.
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SYNOPSIS

High electrical conductivity biochar can replace standard conductive additives in the anode of
lithium-ion batteries with a 49% reduction in greenhouse gas emissions; use in the cathode,
however, remains unsuccessful.
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