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The demand for electrochemical energy storage is increasing
rapidly due to a combination of decreasing costs in renewable
electricity, governmental policies promoting electrification, and
a desire by the public to decrease CO2 emissions. Lithium-ion
batteries are the leading form of electrochemical energy
storage for electric vehicles and the electrical grid. Lithium-ion
cell anodes are mostly made of graphite, which is derived from
geographically constrained, non-renewable resources using

energy-intensive and highly polluting processes. Thus, there is a
desire to innovate technologies that utilize abundant, afford-
able, and renewable carbonaceous materials for the sustainable
production of graphite anodes under relatively mild process
conditions. This review highlights novel attempts to realize the
aforementioned benefits through innovative technologies that
convert biocarbon resources, including lignocellulose, into high
quality graphite for use in lithium-ion anodes.

1. Introduction

Lithium-ion batteries are the leading form of electrochemical
energy storage for electric vehicles and the electrical grid.[1–6]

Graphite anode material accounts for approximately 15–30%
of lithium-ion cell mass and costs $8–$13 per kilogram;
graphite prior to downstream purification and shaping varies
in cost, but is generally considerably lower than final anode
product.[7] Graphite’s ABA stacking of graphene sheets allow
for effective intercalation and de-intercalation of lithium ions
when charging and discharging a cell, respectively, as shown
in Figure 1. In addition, the chemical inertness, structural
stability, and relatively low weight of graphite make it
suitable for use in lithium-ion cell anodes. By 2050, the use of
graphite in energy storage capacities is expected to increase

by 500% if climate change is limited to an increase in two
degrees celcius.[8]

There are two types of graphite used in industrial
applications: mineral and synthetic. Graphite anodes used in
lithium-ion batteries are often comprised of both mineral and
synthetic graphite.[7,10–12] Processing mineral graphite for
lithium-ion anode applications often involves the use of
hydrofluoric acid (HF) for purification, which can be detri-
mental to human health and the environment due to its
highly corrosive nature.[4,13–15] Synthetic graphite offers ad-
vantages over mineral graphite including more consistent
quality and higher electrochemical performance.[13] Synthetic
graphite is usually produced by using high aromatic, low
sulfur fossil carbon resources, such as fluid catalytic cracking
(FCC) slurry oil, via delayed coking at 475–530 °C to form
needle coke, which is then calcined at 1100–1500 °C and
graphitized at 2000–3000 °C for more than 7 days.[7,16] The
emissions associated with synthetic graphite production are
significant, reaching as high as 20 kg CO2e per kg graphite.[8]

Thus, there is a need for new technologies that utilize
abundant, affordable, and renewable carbonaceous materials
for the sustainable production of graphite anodes under
relatively mild process conditions.

Renewable biocarbon resources, including lignocellulose,
hold the potential to be sustainable, non-toxic, domestic, and
relatively low-cost feedstocks for carbonaceous energy stor-
age materials, including graphite anodes.[17] However, unlike
certain fossil carbon resources, biocarbon resources generally
do not graphitize when treated at elevated temperatures, but
rather carbonize into disordered carbon.[18–20] Carbonized
biocarbon materials typically do show some evidence of
graphite structure, but the crystal size and extent of
graphitization are usually small, thus making them inferior to
commercial Li-ion anode materials.[19,21,22] Innovative ap-
proaches, using metal catalysts or chemical activators, must
be taken to convert disordered biocarbon into graphitic
carbon with relatively high electrochemical performance as
anode material. Recently, catalytic graphitization methods
have been developed and published, demonstrating the
ability to produce high quality graphite from biomass, which
is now referred to as “biographite”. For the first time, this
review highlights recent innovations in catalytic graphitiza-
tion of biomass resources for application as Li-ion battery
anode material. In this review, biographite is defined as
biomass-derived carbon materials with crystalline graphite
features of varying extents and sizes. Relative to other
reviews on biomass carbon materials, this review narrowly
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Figure 1. Schematic of a lithium-ion electrochemical cell with a graphite
anode and lithium cobalt oxide cathode.[9] Reproduced from ref. [9] Copy-
right (2008), with permission from Wiley-VCH.
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focuses on the limited number of studies that involve
lithium-ion battery applications. Specifically, process parame-
ters are highlighted including biomass feedstock type,
catalyst type, catalyst loading, graphitization temperature,
heating rate, hold time, and resultant graphite crystallite size.
In addition, critical electrochemical performance metrics are
highlighted including specific capacity, capacity loss, and
coulombic efficiency. Graphite needs to meet optimal size,
shape, and purity requirements for consideration for lithium-
ion anode material. These requirements are, briefly, approx-
imately 12–20 μm sized spherical agglomerates for optimal
balance between coulombic losses, packing efficiencies,
reversible capacity, and surface area, and a purity of at least
99.9% carbon.[10,23] Physical characteristics, such as shape,
size, and purity of graphitic carbon materials are necessary
qualities for initial consideration for lithium-ion applications,
but they are not always fully represented in academic studies.
Using physiochemical properties alone as the qualifying
metrics for biographite anode materials is not sufficient, and
future studies should apply and assess the biographite
materials in actual electrochemical cells.Therefore, this review
has focused more on lab-scale electrochemical performance
as an indicator for graphite quality, and included physical
characteristics where pertinent. Current commercial lithium-
ion cells with graphite anodes achieve capacities of
~350 mAhg� 1 with less than 1% loss over 100 cycles and
initial coulombic efficiencies >90%, and thus these represent
targets for biographite innovators.[22,24]

2. Traditional Methods of Graphite Production

2.1. Graphite Production from Mineralized Carbon

Mineral graphite is extracted from the earth via mining
operations in particular locations and processed via several
resource-intensive operations, as shown in Figure 2.[4,15,18,24] In
2021, China was responsible for 79% of global graphite
production, with North America producing 1.2%, thereby
highlighting the geographically constrained nature of miner-
al graphite production.[25,26] Mineral graphite concentrates
contain non-carbon impurities including carbonate and
silicate minerals, which often require hydrofluoric acid to
reach the desired purity. Current industry practices require
battery-grade mineral graphite to be milled and shaped into
a spherical form prior to purification.[10] Hydrofluoric acid
purification is costly, detrimental to the environment, and a
public health risk. Lithium-ion battery manufacturers are
beginning to favor the use of synthetic graphite over mineral
graphite given the geographic constraints, expensive proc-
essing, and use of harsh chemicals for purification of mineral
graphite, as well as the relatively high quality and perform-
ance of synthetic graphite.

2.2. Traditional Graphite Production from Fossil Carbon

Currently, approximately 50% of graphite used in lithium-ion
anodes is synthetically produced from fossil carbon resour-
ces, such as petroleum-derived FCC slurry oil.[13,15] Notably,
the use of synthetic graphite in lithium-ion anodes is
increasing and expected to reach 70% by 2030 due to the
higher quality and reliability relative to mineral graphite.[13]

As shown in Figure 3, the generation of petroleum-derived
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needle coke and subsequent graphitization is the most
common method for producing synthetic graphite. High
molecular weight polyaromatic hydrocarbons with fused
rings, such as anthracene and acenaphtalene, are of the ideal
structure to partially graphitize into needle coke.[16] During
delayed coking and calcining, polyaromatics progressively
fuse to form a material of turbostratic structure, as shown in
Figure 4. During graphitization, the turbostratic carbon
becomes more organized to ultimately form highly ordered,
crystalline graphite.

There are four main impediments to petroleum-derived
needle coke’s future as a carbon precursor for battery-grade
graphite: 1) geographic constraints, 2) capital intensive
operations, 3) policy barriers, and 4) energy requirements. As
shown in Figure 3, the process of converting heavy ends from

low-sulfur petroleum refining to battery-grade graphite
involves multiple, highly energy-intensive operations. The
composition of heavy ends must be high in aromatic carbon
content and low in sulfur content, which is only possible
from high quality, low impurity sweet crudes. Thus, suitable
heavy ends for needle coke production are geographically
constrained to regions with particular crude composition.
Finally, the energy required to convert petroleum to
synthetic graphite is immense, resulting in up to 20 kg CO2e
per kg graphite.[8] As nations move away from processes that
involve fossil carbon combustion, alternative sources of
energy to provide the high quantity of high temperature
heat needed for synthetic graphite production may be cost
prohibitive.

2.3. Novel Graphite Production from Fossil Carbon

As a possible way to reduce energy requirements, attempts
have been made to prepare graphite from fossil carbon
materials at relatively lower temperatures by the use of
suitable graphitization catalysts. Yang et al. utilized a magne-
sium catalyst to convert anthracite, or hard coal, to graphite-
containing carbon material for applications in lithium and
potassium ion batteries.[28] 1.5 g anthracite was mixed with
1.5 g magnesium and graphitized at 600, 800, and 1100 °C for
2 hours (heating rate of 5 °Cmin� 1). Electrochemical perform-
ance in lithium-ion batteries was best from the 1100 °C anode
material with a reversible capacity of approximately
326 mAhg� 1 at 100 mAg� 1 for 100 cycles and nearly 100%
capacity retained from the second cycle. The coulombic
efficiency was initially 36%. Electrochemical performance
when used in potassium ion batteries was best from the
800 °C graphite with a reversible capacity of 141 mAhg� 1

with an initial coulombic efficiency of 32%.[28] Along with
magnesium, iron-based catalysts have been used to success-
fully produce graphite at lower temperatures. Nugroho et al.
prepared graphite from petroleum coke via pyrolysis at
1300 °C (3 h with 10 °Cmin� 1 heating rate) with iron catalysts
(Fe and Fe2O3).

[29] Petroleum coke was dry-mixed with
catalysts to a loading of 40% iron. The resulting graphite
crystallite sizes were 13.4 nm, 18 nm, and 17.7 nm for the no
catalyst, iron catalyst, and Fe2O3 catalyst sample groups,
respectively. It was concluded that the larger crystallite sizes
resulting from the catalyzed methods would demonstrate
better lithium-ion insertion and de-insertion performance, so
only the iron-catalyzed graphites were used for electro-
chemical performance testing in coin-cells. Both samples
performed similarly with a reversible capacity of 100 mAhg� 1

at 0.25 C, capacity retention of 80% at 10 C, and coulobmic
efficiency of 80%.[29] Zhao et al. also used an iron-based
catalyst to catalytically graphitize ball-milled carbon at
loading rates of 10, 20, 30, and 40 wt% and at temperatures
of 200, 1100, and 2000 °C (3 hour hold time with 5 °Cmin� 1

heating).[30] Graphite crystallite size increased with temper-
ature for each loading rate with the largest Lc sizes of
56.9 nm and 57.3 nm for the samples with 10 wt% and

Figure 2. Simplified process flow diagram of battery-grade graphite produc-
tion from mineral graphite where downstream processing includes necessary
purification, milling, shaping, and coating.

Figure 3. Simplified process flow diagram of battery-grade graphite produc-
tion from petroleum where the final step, downstream processing, includes
necessary purification, milling, shaping, and coating.

Figure 4. Molecular structures of turbostratic carbon (left) and graphitic
carbon (right).[27] Reproduced from ref. [27] Copyright (2012), with permission
from Soil Science Society of America.
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40 wt% catalyst loading treated at 2000 °C, respectively.
Electrochemical performance of the 40 wt% iron loading
treated at 2000 °C resembled that of commercial graphite
with a reversible capacity of 360 mAhg� 1 at 0.2 C, initial
coulombic efficiency of 85%, and low capacity loss after the
first cycle.[30] This process produced anode material at lower
temperatures than typically required for synthetic graphite
production (3000 °C), which may lead to potentially lower
production costs.[30] Although the number of studies on
catalytic conversion of fossil carbon to anode materials is
relatively low, the aforementioned evidence indicates there is
potential for impactful technology advancements. However,
interest in catalytic conversion of renewable and more
sustainable feedstocks, such as biocarbon, to anode materials
is growing faster than that of fossil carbon resources.

2.4. Graphite Production from Biocarbon

Technologies that carbonize biomass into biocarbon prod-
ucts such as biochar and activated carbon have progressed
significantly over the past two decades.[31–33] Graphitization of
biomass has historically not been of significant interest due
to inherent structural limitations. Glucose, lignin, cellulose,
lignocellulose, and other biomaterials are classified as non-
graphitizing materials that generate char products when
processed at elevated temperatures (1000–3000 °C), whereas
particular heavy ends of petroleum refining are considered
graphitizing materials that generate soft carbon products
rich in graphite crystallites.[16] The lack of fused aromatic rings
and the abundance of carbon-oxygen and sp3 hybridized
carbon-carbon bonds in biomass lead to disordered char
material; during carbonization, the sp3 hybridization of
carbon atoms in biomass allows for free rotation during
thermal cleavage, resulting in random and disorder upon
condensation and structural rearrangement.[16] Thus, overall,
material scientists and engineers have not viewed biocarbon-
derived graphite, or biographite, as a potential replacement
to mineral- or fossil carbon-derived graphite.

3. Graphite Production via Catalytic
Graphitization

Certain non-graphitizing materials, including lignocellulose,
will graphitize in the presence of metal catalysts during
pyrolysis at relatively low temperatures (<1500 °C), see
Table 1. This phenomena was first discovered in the steel
manufacturing process wherein impurities skimmed from
molten iron in the basic oxygen furnace, collectively referred
to as “kish”, were found to contain high levels of graphite
among other impurities including calcium, magnesium,
sulfur, and silica.[34] During smelting, iron in the presence of
carbon will form molten eutectic iron-carbon alloys
(~1200 °C) that precipitate graphite when annealed. Steel
manufacturing processes are typically optimized to minimize Ta
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graphite formation in kish. There has been some interest in
separating graphite from kish as a value-added coproduct,
however, the high levels of impurities, particularly silica,
make processing and purification costly.[34] Nickel, cobalt, and
magnesium are additional metals that have demonstrated,
similar to iron, the ability to incorporate, or dissolve, carbon,
creating a metal-carbide that precipitates graphite in the
molten phase (1200–1400 °C).[35–37] Metal-catalyzed graphite
grows in the vertical c-axis to a greater extent than mineral
graphite, which typically favors the lateral a-axis.[26,27,38] Thus,
the morphologies of metal catalyzed graphite typically
consist of crystallites with high dimension ratios of vertical
stacking (Lc) to horizontal expansion (La) (Figure 5), making
them suitable for lithium-ion intercalation and de-
intercalation.[30] Unlike most high-value graphite applications,
lithium-ion anodes do not require large flake graphite
morphologies with extensive La dimensions, hence why
synthetic graphite performs well.[13] Thus, metal-catalyzed
graphitization is a promising pathway to provide sustainable
graphite anode materials for the growing lithium-ion indus-
try. In general, there are two reported methods of doping
biomass with metal catalyst: wet and dry methods. Wet
methods involve soaking the biomass in a liquid solution
wherein the solubilized metal salts are distributed within the
pores of the biomass. Upon drying, some metal ions are
retained within the biomass and subsequently catalyze
graphitization at elevated temperatures. Dry methods are
simpler than wet methods and involve mixing metals,
typically in reduced form (not salts), with biomass. Notably,
dry methods appear to provide graphite of similar, if not
higher, quality than wet methods and do so in a relatively
simple and less costly manner. However, the field of research
is still relatively young and more time is needed to reach
consensus around the advantages and disadvantages of wet
and dry methods.

3.1. Catalytic Graphitization of Lignocellulosic Feedstocks

The most abundant complex natural biopolymer on earth is
lignocellulose, which consists of lignin, cellulose, and hemi-
cellulose. In lignocellulosic biomass, the non-carbohydrate
phenolic polymer (lignin) strongly binds to carbohydrate
polymers (cellulose and hemicellulose) and strengthens and
hardens plant cell walls. Lignocellulosic biomass has been
extensively researched to produce renewable fuels as well as
numerous valuable industrial chemicals due to its widespread
availability and low cost.[46,47] Recently, efforts have been
made to develop electrode-grade carbon materials from
lignocellulose through catalytic graphitization. Banek et al.
developed a two-step biomass graphitization process using
an iron catalyst with the first step involving pyrolysis of
lignocellulosic biocarbon and iron catalyst pellets at 600 °C
(heating of 30 °Cmin� 1 and held for 30 minutes) to create
biochar, and the second step involved CO2 laser ablation of
the biochar-iron pellets to generate highly crystalline (Lc:
32 nm, La: 77 nm) battery-grade graphite with a final purity of
99.95%.[23] The loading of iron prior to the initial heat
treatment was 2 g per 6 g biomass (33 wt%). Following laser
ablation, acid washing and microwave digestion were
employed to remove the catalyst. Overall, this two-step
process converted 95.7% of the biochar into graphite. The
resultant graphite had a crystallite size of 32 nm. Electro-
chemical performance testing of the graphite resulted in a
reversible capacity of 353 mAhg� 1 at 0.5 C over 100 cycles,
with a retention efficiency of 99% (Figure 6). The initial
coulombic efficiency of the anode material was 84%, which
could likely be improved by lowering the surface area of the
graphite. Banek et al.’s process successfully converted a
variety of biocarbon precursors to graphite, thereby demon-
strating the ability to be feedstock agnostic.[23] Banek et al.
repeated their two-step process in a second study in which
lignocellulosic materials were mixed with an iron catalyst,

Figure 5. Vertical foliated growth of graphite platelets from molten iron-
carbon.[25] Reproduced from ref. [25] Copyright (2016), with permission from
Wiley-VCH.

Figure 6. Electrochemical performance data of biographite materials used as
anode material in lithium-ion cells.[23] Reproduced from ref. [23] Copyright
(2018), with permission from American Chemical Society. Further permis-
sions related to the material excerpted should be directed to the ACS.
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pressed into pellets, pyrolyzed, and irradiated by a laser.[42]

Alternatively to the aforementioned study, this process
required a diode laser, not a CO2 laser. Following laser
treatment, the graphitized material was ground and purified
to remove the iron catalyst following the previous methods.
The graphite material performed well in lithium-ion battery
testing with a reversible capacity of 357 mAhg� 1 over
100 cycles at 0.5 C with no capacity loss. The initial coulombic
efficiency was 92.3%.[42] This study achieved a significant
advancement in biographite production by demonstrating a
direct synthesis of graphite agglomerates of the desired size
for downstream processing, thereby potentially by-passing
expensive and wasteful shaping operations. The use of laser
ablation worked well in both studies at the lab-scale, but is
not common in industrial scale pyrolysis or graphitization
operations.[23] An alternative route for the conversion of
lignocellulosic biomass to lithium-ion battery anode material
was described by Sagues et al. Various biomass feedstocks
(Figures 7 and 8) were processed via iron-catalyzed graphiti-
zation to produce high-quality graphite anode material.[39]

Reduced iron powder was used as the catalyst with loading
of 30 wt% and annealing was performed at 1200 °C with a
heating rate of 10 °Cmin� 1 and hold time of 1 hour. X-ray
diffraction (XRD) was used to qualify the crystallinity of the
various biographite samples in comparison to commercial
graphite (Figure 8). XRD diffractograms provide both qualita-
tive and quantitative assessments of graphite quality. As
shown in Figure 8, commercial graphite has characteristic
peaks at 2-theta degrees of 26°, 42°, 44°, and 55°. Biochar

and other disordered biocarbon materials typically have a
broad, low intensity peak at 26° and little to no peak
definition at the other characteristic degrees, indicating non-
graphitic structure. As shown in Figure 8, iron-catalyzed
graphitization of biomass results in highly defined, narrow
peaks at all characteristic degrees, thereby indicating large
crystal dimensions. Softwood-derived graphite crystallite size
was approximately 25 nm. Electrochemical performance test-
ing with the softwood-derived biographite showed strong
performance in a lithium-ion cell with reversible capacities of
340 and 300 mAhg� 1 at 0.1 and 0.5 C, respectively, retention
efficiency of 89% over 100 cycles and an initial coulombic
efficiency of 84%. Hardwood biomass feedstock was also
used as a catalytic graphitization feedstock and produced
slightly lower quality graphite relative to softwood, so it was
not evaluated for electrochemical performance.[39]

Unlike the studies conducted by Banek et al. and Sagues
et al., which detailed dry-mixing powdered catalyst with
biomass, Gomez-Martin et al. prepared graphite anodes from
lignocellulosic material soaked, or wet-mixed, with an iron
catalyst.[40] Commercial medium density fiberboard (MDF)
was soaked in a 1 M iron chloride solution before carbon-
ization. Pyrolysis was conducted at temperatures of 850–
2000 °C with heating rates of 1 °Cmin� 1 to 500 °C and
5 °Cmin� 1 to the maximum temperature before being held
for 30 minutes. TEM imaging of the iron chloride within the
resultant graphite shell are shown in Figure 9. Graphite
crystallite size generally increased with temperatures with
sizes of 9.3, 9.8, 30.2, 45, 41.7, and 46.8 nm for pyrolysis
temperatures of 850, 1000, 1200, 1400, 1600, and 2000 °C,
respectively. Electrochemical performance analysis was con-
ducted using the anode material produced at 2000 °C. The
specific capacity was found to be 307 mAhg� 1 at 0.1 C with
capacity retention greater than 90% after 200 cycles at 1 C.
The initial coulombic efficiency was 64%.[40] Gomez-Martin
et al. conducted a subsequent study to evaluate the effects
of different metal-catalysts on the graphitization of MDF,
using a nickel catalyst to transform recycled MDF intoFigure 7. Process flow diagram of catalyzed graphitization of biomass where

the final step, downstream processing, involves necessary purification,
milling, shaping and coating.

Figure 8. X-ray diffractograms of biographite materials generated from iron-
catalyzed graphitization.[39] 2-theta degree of diffraction and intensity shown
in x- and y-axes, respectively. Reproduced from ref. [39] Copyright (2020),
with permission from Royal Society of Chemistry.

Figure 9. Catalytically graphitized biomass samples before (a) and after
catalyst (iron) removal (b–e).[40] Reproduced from ref. [40] Copyright (2018),
with permission from Wiley-VCH.
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graphene-like porous nanosheets.[41] MDF samples were
dried, cut, and immersed in a 3 M solution of nickel II nitrate
before being pyrolyzed at two different temperature con-
ditions: 300 and 1000 °C (both with a hold time of 30 minutes
and a ramping rate of 5 °Cmin� 1). From XRD and Raman
spectroscopy analysis it was concluded that the 1000 °C
pyrolysis treatment produced higher quality graphite, and
only this sample group was evaluated for performance in
lithium-ion battery cell testing. The anode material demon-
strated a reversible capacity of 204 mAhg� 1 at 37.2 mAg� 1.
Capacity retention was approximately 97% after 200 cycles at
372 mAg� 1. Initial coulombic efficiency was 27%.[41] Lignocel-
lulosic by-products and waste materials from processing
systems have been investigated for possible biographite
precursors to increase overall circularity and sustainable
reuse of materials. Destyorini et al. conducted wet mixing to
utilize a waste product from coconut processing.[48] Several
combinations of chemical activation and nickel catalysts were
investigated to graphitize coconut coir, the rough hair
removed from coconut shells. Raw coir was carbonized,
ground, and immersed in a mixed solution of KOH and nickel
(II) chloride hexahydrate (ANi) at ratios of 1 : 1 carbon to KOH,
1 : 1.2 carbon to ANi, and 1 : 1 : 1.2 carbon to KOH to ANi.
Graphitization was performed at 1200 °C for 3 hours with a
heating rate of 5 °Cmin� 1. The best treatment according to
electrochemical performance was the combined activator-
catalyst group with the highest specific capacity of
397.6 mAhg� 1 and capacity retention efficiency of 87.35% at
0.5 C current density for 30 cycles. The initial coulombic
efficiency was 72.11%.[48]

While studies discussed herein have focused on lignocel-
lulosic biomass graphitization because of the feedstock’s
low-cost availability, biomass feedstocks that are predom-
inantly composed of cellulose have also been considered for
catalytic graphitization. Wu et al. performed catalytic graphi-
tization of degreasing cotton using iron (III) acetylacetone as
the catalyst.[49] Cotton was chosen because it is a low-cost
graphite precursor with scalable applications. Degreasing
cotton (3 g) was immersed in 20 mL dimethylformamide
solution with 10 mmol iron (III) acetylacetone before catalytic
graphitization at 650 °C for 3 hours. The composite material
had a crystallite size of 35 nm. Electrochemical testing
resulted in reversible capacities of 1070 mAhg� 1 after
430 cycles at 0.2 C, 950 mAhg� 1 after 100 cycles at 1 C and
850 mAhg� 1 after 200 cycles at 2 C. The coulombic efficiency
of the anode material was initially 72% and 99% after
430 cycles.[49] Bacterial cellulose produced via microbial
fermentation has been proven to be a viable candidate for
lithium-ion battery anode material.[43] Illa et al. reported a
method for carbon nanofiber production from bacterial
cellulose via iron-catalyzed graphitization. Ferrous acetate
was incorporated into the bacterial cellulose at 0.1 wt%
before graphitization at 900 and 1800 °C (with ramping of
5 °Cmin� 1 and a hold time of 1 hour). The resulting material
was described as having predominantly hard carbon features
with turbostratic stacking and some graphitic crystallites. The
graphite crystallite sizes for the non-catalyzed samples were

0.82 nm and 1.37 nm for the 900 °C and 1800 °C temperature
groups. Use of the iron catalyst increased graphite crystallite
size to 0.85 nm and 4.32 for the 900 °C and 1800 °C temper-
ature treatments. The catalytically derived nanofibers pro-
duced at 900 °C displayed the best electrochemical perform-
ance with a reversible capacity of 529 mAhg� 1 after
100 cycles at 0.2 C and 19% capacity loss after 20 cycles. The
coulombic efficiency of the anode material was 55% from the
first cycles, and 99% at the final cycles.[43] While the
aforementioned graphitization of degreasing cotton and
bacterial cellulose produced remarkably high reversible
capacities, the low initial coulombic efficiencies of 72% and
55%, respectively, reflect potential impurities in the anode
material and shorter battery lifetimes.[50]

Although limited in number, the aforementioned studies
have successfully demonstrated catalytic graphitization of
lignocellulosic materials at relatively low temperatures. Gaps
in research exist around the optimal catalyst loadings and
effects of ash components in lignocellulosic feedstocks.
Inorganic ash comprises 3–10 wt% of many lignocellulosic
materials and contains metals including Si, Al, Mn, and Fe,
among others.[51] Future studies should explore the use of
lignocellulose materials high in magnesium and iron since
these are proven catalysts for biographite production. In
addition, there is intriguing potential for production of high
performing lithium-ion anode materials from lignocellulose
materials rich in silicon since the electron storage capacity of
silicon is 800% greater than graphite.[52] Industry reports
indicate commercial lithium-ion cells under development for
electric vehicles are doped with small quantities of silicon
due to the significant increase in energy density achieved.[53]

Researchers should assess the ability for naturally occurring
silicon in lignocellulosic materials to enhance the energy
storage of biographite anodes. Finally, the number of studies
on catalytic graphitization of lignocellulose biomass for
lithium-ion anode application are very small, and thus activity
needs to increase rapidly if such technologies are to become
commercially relevant in the near future.

3.2. Catalytic Graphitization of Carbohydrate Feedstocks

In addition to lignocellulosic materials, studies have demon-
strated the catalytic conversion of carbohydrates to biogra-
phite to increase knowledge of fundamental mechanisms.
Carbohydrates, including simple sugars such as glucose and
xylose, can be used as model compounds for more complex
biopolymers including cellulose and hemicellulose. The use
of pure carbohydrates allows researchers to increase quality
control and better understand the mechanisms at play. There
is some interest in using carbohydrates for commercial
production, but the feasibility is relatively low given that
carbohydrates are quite expensive and this approach would
directly compete with food production. Glucose and sucrose
are the two carbohydrates that have been investigated the
most for graphite anode production.[41–45] Sagues et al.
determined that iron-catalyzed graphitization of glucose
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produces the largest graphite crystallites when heated
rapidly, as compared to slowly.[39] However, the degree of
graphitization was highest with relatively slow heating of
glucose in the presence of iron. Upon heating, most simple
carbohydrates melt prior carbonizing and graphitizing. Dur-
ing the melting process, it’s possible that metal catalyst
particles diffuse to allow for more uniform distribution
throughout the substrate, which would ultimately increase
the degree of graphitization. A slower rate of heating allows
more time for the catalyst particles to diffuse during the
melting process thereby increasing the degree of graphitiza-
tion. Furthermore, the onset temperature for glucose graphi-
tization was found to be ~600 °C, considerably less than that
of lignocellulose. Sagues at al. observed that the yield of
glucose-derived graphite was considerably lower than yields
observed from lignocellulosic precursors and were not
sufficient for electrochemical performance testing of the
anode material.[39] However, several studies have performed
successful catalytic graphitization of glucose that produced
sufficient yields for testing electrochemical performance as
anode material in lithium-ion batteries. Obrovac et al. used a
similar strategy to perform catalytic graphitization of glucose
using an iron catalyst with a molar ratio of 87.5 : 12.5 carbon
to iron.[54] Pyrolysis was carried out at 1200 °C for 3 hours. The
electrochemical characteristics of the biographite were sim-
ilar to synthetic graphite with a reversible capacity of
366 mAhg� 1 and an initial coulombic efficiency of 87%
(99.7% after 30 cycles).[54]

Several studies have employed magnesium-catalysts (as
opposed to iron-catalysts) for the catalyzed graphitization of
glucose. Zhao et al. generated highly graphitic carbon from
glucose by first synthesizing disordered carbon at a temper-
ature of 1000 °C for 3 hours, followed by dry mixing a
magnesium catalyst (1 : 1 molar ratio) before the final
graphitization.[55] The graphite powder was produced at
800 °C and 1000 °C and held for 3 or 20 hours. Following heat
treatment, combined acid washing and thermal evaporation
effectively purified the anode material. The graphite crystal-
lite size increased as the treatment temperature and hold
time increased with Lc measurements of 18.9 nm for the
800 °C 3 hour condition and 35.4 nm and 50.8 nm for the
1000 °C 3 hour and 20 hour conditions, respectively. When
used in lithium-ion half cells, the highest specific capacity
was 370 mAhg� 1 at 50 C and was observed from the 1000 °C
treatment group. This group had the best coulombic
efficiency which was initially 75% and 99.5% after 50 cycles.
Carbon coating of the anode material further increased the
coulombic efficiency to 99.99% after 50 cycles.[55] Catalytic
graphitization of glucose using a magnesium catalyst was
further investigated by Zhao et al. under varying conditions,
from which they observed a unique, Voronoi-tessellated
structure wherein graphite crystals grew outward from
spheroidal graphite shells.[56] Zhao et al. produced the
Voronoi-tessellated morphological graphitic carbon by con-
ducting magnesium-catalyzed graphitization of glucose-de-
rived disordered carbon at 800–1000 °C (Figure 10).[56] The
catalyst was loaded at a ratio of 1 : 1 carbon to magnesium

and the maximum graphitization temperature was held for 1
or 3 hours. Graphite crystallite size increased with temper-
ature and hold time from 185.5 nm at 800 °C and 1 hour to
222.4 nm at 1000 °C and 3 hours. Only the 1000 °C for 3 hour
graphite was used for electrochemical performance analysis
and a relatively low reversible capacity of 250 mAhg� 1 was
reported.[56]

Published studies focused on catalytic graphitization of
carbohydrates have helped advance the field of biocarbon
graphitization through an enhanced understanding of cata-
lytic mechanisms and optimal conditions for graphitization.
Glucose and sucrose are the primary carbohydrates used in
published studies, and thus future work should explore other
carbohydrates, including hemicellulose-derived xylose.

3.3. Catalytic Graphitization of Lignin Feedstocks

Lignin is a heterogeneous, cross-linked biopolymer with a
complex chemical structure of the phenylpropane basic unit.
The monomeric units are connected to each other through
ether bonds and carbon-carbon linkages.[57] The structure and
properties of lignin vary widely depending on the feedstock
and method of isolation. Pulp, paper, and bio-ethanol
industries generate significant quantities of lignin as a by-
product.[58] Most of the lignin from the pulp and paper
industries is used as burning fuel for steam generation. Other
commercial applications of lignin include adhesives, reinforc-
ing agents, and concrete admixtures, to name a few.[58]

However, there is still a large supply of unused lignin which
implies that lignin is not extensively utilized as a value-added
material. The complex and inconsistent chemical structure of
lignin makes it difficult to produce valuable materials from.
The polyaromatic backbone of lignin makes it an attractive
precursor for the production of aromatic carbon materials
including carbon fibers, electrodes, and other graphitic
materials.[22,49–51] Notably, lignin carbon fibers have been
researched for decades and have yet to significantly pene-
trate the carbon fiber market, due largely to high costs and
inferior strength properties.[21] Recently, researchers have
explored methods to convert lignin into graphite anode

Figure 10. Voronoi-tessellated structure formation shown from an above
view (top row) and cross-sectional view (bottom row).[56] Reproduced from
ref. [56] Copyright (2017), with permission from Wiley-VCH.
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materials for lithium-ion batteries. Sagues et al. assessed
three different forms of lignin as graphite precursors in their
iron-catalyzed process, namely organosolv lignin, hydrolysis
lignin, and kraft lignin.[39] The lignin materials were mixed
with 30 wt% iron catalyst prior to graphitization at 1200 °C
(10 °Cmin� 1 heating rate) with a hold time of 1 hour. Kraft
lignin was unable to be graphitized due to reasons that were
unclear, but the presence of an appreciable amount of sulfur
(1.3 wt%) likely led to iron-sulfur interactions that deterio-
rated the efficiency of the catalyst. In addition to catalyst
poisoning, high bond dissociation energy could have caused
the poor graphitization of the kraft lignin. The organosolv
and hydrolysis lignins were successfully converted to biogra-
phite, albeit of lesser quality and smaller crystallite size than
lignocellulose and carbohydrate precursors. The graphitic
structure formed by these lignin materials had a uniform
distribution that was attributed to lignin melting to a liquid
intermediate phase upon heating, ensuring complete contact
with the catalyst. Interestingly, the lignin precursors provide
higher mass yields of the graphite product relative to other
biocarbon precursors, but of lower quality and with smaller
graphite crystallites.[39] Sagues et al. did not perform electro-
chemical performance testing using their lignin-derived
graphite.

Chemical activation, using K2CO3 and KOH, is an emerging
technique for developing porous graphitic carbon for
lithium-ion battery applications.[59] The primary mechanism
involved in chemical activation of non-graphitic carbon
materials, such as lignin, is the development of accessible
porous structures and surface area expansion which allow for
greater ion adsorption and higher charge capacities.[58–60] The
type of both lignin and activator strongly control the degree
of graphitization, surface area, and porosity of the final
carbon. Xi et al. showed high temperature pyrolysis acceler-
ates redox reactions between the carbon and K2CO3 leading
to the formation of reduced potassium, which then pene-
trates the carbon lattice, promoting local ordering and
improving degree of graphitization.[59] Therefore, the hier-
archical structure resultant from potassium-catalyzed graphi-
tization should facilitate the intercalation/de-intercalation of
lithium ions when used as an anode in lithium-ion batteries.
Xi et al. evaluated the effects of KOH and K2CO3 activators on
the graphitization of enzymatic hydrolysis lignin from bio-
refinery residues. Activators were mixed with lignin at a ratio
of 1 : 1 before graphitization at 900 °C (heating of 10 °Cmin� 1)
for 2 hours. The porous structure of the resulting graphite
was significantly improved when activated by K2CO3, attrib-
uted to the similar transition temperatures of lignin and
K2CO3. The biographite showed promise for lithium-ion
battery applications with reversible capacities of 520 mAhg� 1

after 200 cycles at a current density of 200 mAg� 1 and
260 mAhg� 1 over 1000 cycles at 1 Ag� 1. The initial coulombic
efficiency of the anode material was 74.3%. Xi et al. explored
further the effects of K2CO3 activation on the graphitization
of lignin.[61] Activator was mixed at a 1 : 1 ratio with softwood
alkali lignin, hardwood alkali lignin, wheat alkali lignin, and
enzymatic hydrolysis lignin and graphitized at 900 °C

(10 °Cmin� 1 heating rate) for one hour. It was determined
that higher molecular weight and lower O/C ratio led to
higher degrees of graphitization and porosity which ulti-
mately led to better electrochemical performance. The high-
est reversible capacity of 490 mAhg� 1 after 200 cycles at
200 mAg� 1 was observed from the enzymatic hydrolysis
lignin. The biographite from enzymatic hydrolysis lignin
supported a capacity retention of 92.2% and a coulombic
efficiency of 99% after 500 cycles.[61] An alternative to
potassium-based chemical activators, zinc chloride showed
potential in a study conducted by Li et al. where ZnCl2 was
used as an activator to transform lignin derived from rice
husk waste into porous carbon.[58] The carbon precursor and
activator were mixed at a mass ratio or 1 : 2 and carbonization
was carried out at 500–700 °C. XRD analysis revealed that no
graphitic structures were developed in the porous carbon,
likely due to the low carbonization temperature. The porosity
(micropores, mesopores) in the carbon structure helped
demonstrate excellent electrochemical performance in terms
of specific capacity (469 mAhg� 1 after 100 cycles from 500 °C
treatment). The anode material displayed a low initial
coulombic efficiency of 33.3%, which was attributed to
thickening of the solid electrolyte interphase (SEI) film.[58]

A non-catalytic and non-activated route has also been
developed to produce graphite from lignin. Tenhaeff et al.
transformed lignin into low-cost lithium-ion anode material
via graphitization at the high temperatures of 1000, 1500,
and 2000 °C with heating and cooling rates of 3 °Cmin� 1.[62]

Average graphitic crystallite sizes were 0.9, 1.2, and 1.4 nm
from the three temperatures in ascending order. The micro-
structure of the three graphite types were described as
disordered nanocrystalline. Electrochemical performance
analysis reported the highest specific capacity of 350 mAhg� 1

after 70 cycles at 15 mAg� 1 from the 1000 °C slurry-coated
treatment group and 99.9% final coulombic efficiency. All
three anode materials had >90% retention efficiency after
70 cycles at 360 mAg� 1 with the highest from the 2000 °C
type which retained 99% capacity.[62]

An increasing number of recent studies on lignin graphitiza-
tion indicate that lignin is a potential precursor for lithium-ion
anode materials. The motivation for using lignin as a precursor
for graphite besides its high carbon content and molecular
weight, is that it is also a renewable, low-cost resource and can
be obtained as biomass pulping waste. However, the majority
of the available lignin is from the kraft pulping process wherein
the presence of inorganics (Na, S) could deactivate graphitiza-
tion catalysts. Most of the aforementioned successful studies
used lignin isolated by other means, such as enzyme hydrolysis,
soda pulping, and organosolv pulping. Although the porous
carbon materials produced from some of these lignin feed-
stocks have exhibited high reversible capacities, the poor initial
coulombic efficiencies reported in such studies indicate struc-
tural defects in the resulting anode material. To date, little
knowledge has been developed on how exactly the presence of
inorganics affect the graphitization process. Therefore, more
research is warranted to clarify assumptions in this area.
Another potential barrier for the commercial preparation of
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graphite from lignin is the lack of similarity in chemical
structure from different lignin sources, which could lead to
challenges associated with quality control and standardization
of processes.

3.4. Catalytic Graphitization of Other Bioresources

Nonconventional biocarbon resources have also shown poten-
tial as precursors for biographite anodes in lithium-ion batteries.
Boonprachai et al. evaluated the use of four different catalysts
(potassium hydroxide, zinc chloride, iron (III) chloride, and
magnesium) for catalytic graphitization of popped rice, which is
a highly-available processed grain.[63] Carbonized popped rice
samples were mixed with the four catalysts 1 : 2 wt% carbon to
catalyst before graphitization at 800 °C (5 °Cmin� 1 heating rate)
with a hold time of 3 hours. The potassium hydroxide catalyzed
graphite-containing carbon material had the best performance
in lithium-ion battery cell testing with a specific capacity of
383 mAhg� 1 after 100 cycles at 100 mAg� 1, which was much
higher than the control (non-catalyzed) graphite sample which
supported a reversible capacity of 189 mAhg� 1 at the same
cycling conditions.[63] While rice is a widely available crop,
production of energy storage materials from the starchy grain
would be in competition with food industries that rely heavily
on rice. Using alternative, waste materials that need trans-
formation to value-added products is a preferred method for
graphite-precursor selection. Utilization of waste materials for
developing value-added products offers opportunities for
sustainable and economical reuse and circularity. Perhaps the
most obvious waste material for catalytic graphitization is spent
graphite recovered from lithium-ion batteries. Chen et al.
developed a method to restore spent graphite via heat treat-
ment, acid washing for purification, and cobalt salt catalyzed
graphitization.[64] The spent graphite was mixed with Co(NO3)2
at a ratio of 1 : 0.3 graphite to cobalt before restorative
graphitization was performed at 900 °C for 4 hours. Initial
electrochemical performance analysis of the spent anode
material displayed a maximum discharge capacity of
301 mAhg� 1 at 0.1 C and a reversible capacity of 79.5 mAhg� 1

after 500 cycles at 1 C with an initial coulombic efficiency of
81.1%. The regenerated graphite displayed a maximum dis-
charge capacity of 358 mAhg� 1 in the first cycle at 0.1 C and
reversible capacity of 246 mAhg� 1 after 500 cycles at 1 C with
an initial coulombic efficiency of 79.4%. Thus, the regenerated
graphite anode material showed significantly higher capacity,
but slightly lower initial coulombic efficiency. This approach
shows the potential to decrease waste outputs and increase
circularity in the field of energy storage.[64] Another, possibly
more obscure feedstock for graphite-production is human hair
waste. Zhu et al. designed a process for the rapid formation of
graphitic porous carbon microtubes embedded with heteroa-
toms (O, N, S) from human hair waste via a nickel catalyst
Ni(NO3)2.

[65] 0.6 g of clean hair was wet mixed with 0.25 g nickel
catalyst and 0.5 g hexamethylenetetramine before graphitiza-
tion at 650 °C (10 °Cmin� 1 heating rate) for 3 hours. Impressive
electrochemical performance in lithium-ion batteries (reversible

capacity of 387 mAhg� 1 at 6 Ag� 1, 68.5% initial coulombic
efficiency, and 99.5% coulombic efficiency at the 5th cycle)
implies profitable recycling potential of human hair biowaste.[65]

Li et al. used chitosan, a biopolymer byproduct derived from
shellfish processing, to produce a graphitic carbon@Fe3 C
composite for use as lithium-ion battery anode material.[44] The
feedstock chitosan was wet-mixed with Fe(NO3)3 at loading
rates of 30–54 wt% before pyrolysis at 700, 800, and 900 °C
(heating rate of 2 °Cmin� 1) for 2 hours. XRD analysis revealed
broad (002) reflections indicating poor graphite crystal forma-
tion. The composite produced at 900 °C with 54% iron carbide
demonstrated the highest reversible capacity of 423 mAhg� 1 at
0.1 Ag� 1 over 100 cycles with an 85% capacity retention
efficiency from the first to 200th cycle. The coulombic efficiency
of the half cells was initially 45% and neared 100% in
subsequent cycles.[44] Thus, the relatively disordered biocarbon
anode material exhibited impressive capacity, but relatively
poor initial coulombic efficiency and capacity retention. In
addition to marine shellfish-derived chitosan, algae-derived
polymers are also an intriguing alternative feedstock for graph-
ite synthesis. Ouyang et al. transformed porphyra (red algae)
into lithium-ion anode material via catalytic graphitization with
a nickel catalyst.[45] Porphyra was initially carbonized for 1 hour
at 300 °C before being immersed in a 10 wt% Ni(NO3)2 solution,
treated at 800 °C for 2 hours and steam activated for 1 hour at
800 °C. It was noted that the high protein content of the
porphyra led to the formation of a nitrogen-doped carbon
structure. Additionally, the uniform distribution of metal ions
within the carbon structure was achieved via the chelation of
metal ions with highly available polysaccharides in the porphyra
composition. The degree of nitrogen-doping was 5.3%. The
anode material had excellent electrochemical performance with
reversible capacities of 1006 mAhg� 1 at 0.1 Ag� 1, 278 mAhg� 1

at 5 Ag� 1, and 520 mAhg� 1 at 1 Ag� 1 after 500 cycles. The
capacity retention from the 20th to 500th cycle was 92.3% and
the coulombic efficiency increased from an initial value of
66.5% to 98.7% after 200 cycles.[45]

Pyrolysis-derived heavy bio-oil is an emerging precursor for
catalytic graphitization. The fast pyrolysis of woody biomass
generates three types of products: bio-oil (liquid), biogas (syn-
gas), and biochar (solid). Bio-oil contains more than 300
oxygenated compounds including alcohol, phenol, ester, alde-
hyde, ketone, organic acids, furans, and anhydrosugars, the
majority of which are of relatively low molecular weight.[66] In
addition, bio-oil consists of numerous polycyclic carbon com-
pounds and aromatic hydrocarbons, the majority of which are
relatively high molecular weight. The separation of low and
high molecular weight fractions provides an opportunity for
graphitization. Specifically, the low molecular weight fraction
could be used for fuel and chemical synthesis, while the high
molecular weight fraction could be used for graphite synthesis;
this approach is similar to synthetic graphite production from
high molecular weight petroleum. Due to its high carbon
content, good thermo-plasticity, and low ash content, heavy
bio-oil could be used as an excellent precursor for carbon
electrodes. This area is relatively unexplored with few reported
studies, most focused on sodium-ion battery applications as
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opposed to lithium-ion batteries.[67,68] Muruganantham et al.
converted bio-oil derived from rubber wood sawdust into a
hard carbon material with graphitic crystallites using a ZnO
template for use as anode material for sodium ion batteries.[67]

Bio-oil and template were heated to 350 °C at 14 °Cmin� 1 and
held for one hour, then heated to 900 °C at 8 °Cmin� 1 and held
for one hour for complete graphitization. Electrochemical
performance evaluation of half-cell sodium-ion batteries
showed a reversible capacity of 198 mAhg� 1 over 300 cycles at
100 mAg� 1 with 99% coulombic efficiency over 500 cycles.[67]

Qin et al. produced antimony-impregnated carbon nanosheets
from bio-oil using an antimony chloride and sodium chloride
template for sodium-ion storage applications.[68] Dried bio-oil
(1 g) was wet mixed with antimony chloride (3 g) and the
sodium chloride template (5 g) before the mixture was treated
at 650 °C for one hour (heating rate 2 °C min� 1). The graphitic
crystallite size obtained was 35 nm. Electrochemical perform-
ance testing in sodium-ion coin cells resulted in a reversible
capacity of 391 mAhg� 1 after 500 cycles at 1 Ag� 1 with a
retention efficiency of 90.2% compared to the fifth cycle.
Coulombic efficiency was initially 54%, 98% in the third
through fifth cycles, and 99% in subsequent cycles.[68] Future
research on bio-oil graphitization should consider the effects of
bio-oil molecular weight, bio-oil aromatic carbon content,
various catalyst parameters (including particle size, surface area,
porosity, oxidation state), and graphitization temperature on
the electrochemical performance of developed graphitic carbon
in lithium-ion batteries.

4. Catalyst Recovery

Catalytic graphitization of biomass leads to the formation of
graphitic carbon structures loaded with residual metal catalyst.
To purify biographite, it is therefore necessary to separate the
residual catalyst from the graphitic carbon. To date, washing
with strong mineral acids has been the most common method
for graphite purification.[39,23,42,45,69] For example, hydrochloric
acid converts iron into soluble iron chloride with the coproduc-
tion of hydrogen.

Feþ 2 HCl! FeCl2 þ H2

Ferrous chloride is a valuable industrial salt and hydrogen is
considered a clean fuel. Therefore, recovering ferrous chloride
and capturing hydrogen would make the process economically
attractive. One of the major challenges for capturing hydrogen
from this reaction is the high volatility of hydrogen chloride
and consequent mixing with hydrogen. However, hydrogen is
non-condensable while hydrogen chloride is condensable.
Therefore, an efficient condensing system can help isolate the
hydrogen chloride from the mixture. The recovery of these
valuable chemicals has not yet been performed in reported
studies. Also, the use of strong mineral acids for removing such
large amounts of catalyst may be uneconomical. Thus, more
research into the techno-economic feasibility of using strong
acids is needed. Several studies have explored methods that

avoid or reduce the use of mineral acids. Zhao et al. used
vacuum heating method to remove magnesium catalyst after
graphitization.[70] Microwave digestion was also used along with
acid washing to accelerate the catalyst removal.[23] Seeing that
iron appears to be an effective graphitization catalyst, magnetic
separation could be applied. However, a negative aspect of
magnetic separation would be the efficiency of separation
because the iron catalyst is strongly encapsulated by graphitic
carbon. Therefore, the iron-graphite mixture would have to be
thoroughly crushed before the application of a magnetic field.
Magnetic separation followed by washing with a dilute acid
could replace the use of concentrated mineral acids for graphite
purification. Such a pathway may also enable catalyst reuse,
which is another topic that has not been sufficiently addressed
in the literature to date. As the field of biomass graphitization
matures, optimal paths for catalyst removal and resuse should
be identified.

5. Conclusions

Biographite and related biocarbon materials show promising
potential to be drop-in replacements to current graphite anode
materials. Current key differences preventing this replacement
are lower initial coulombic efficiencies and lack of studies
investigating long-term cycling performance and the specific
roles feedstock contaminants play in the electrochemical
performance. Nonetheless, studies show that some biomass-
derived graphitic materials have excellent electrochemical
performance under particular circumstances. For example, the
majority of high performing materials require a catalyst and/or
activator during high temperature (>1000 °C) treatment fol-
lowed by catalyst/activator removal prior to cell assembly. A
wide variety of biomass feedstocks have successfully produced
high performing anode materials, thereby indicating that feed-
stock chemistry is not a limiting factor. Alternatively, the
performance of anode materials (e.g. initial coulombic effi-
ciency and capacity retention) could be improved by modifying
the catalytic graphitization process to maximize catalyst-
substrate interaction via reduced catalyst particle size, advanced
mixing techniques, and optimal graphitization conditions for
the chosen catalyst. Biomass-derived anode materials have
exhibited reversible capacities that exceed the theoretical limit
of graphite (~372 mAhg� 1), thereby indicating mechanisms
other than graphite intercalation, such as lithium-ion packing
within very porous or high surface area regions.[48] However,
such materials typically have poor initial coulombic efficiency
(<90%) and/or low capacity retention (>1% of 100 cycles),
which represent barriers to commercial application. To over-
come these barriers, increasing the extent of graphitization
should increase stability, increase initial coulombic efficiency,
and minimize capacity loses.[10] Generally, further steps that
mimic the downstream processing steps used in commercial
battery-grade graphite production (e.g. purification, milling,
shaping, and coating) should be taken to improve thermal
stability, increase initial coulombic efficiency, and minimize
capacity losses.[10] Overall, there are an insufficient number of
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published studies on biomass-derived anodes that include
electrochemical performance data. Future studies should rely
less on standard carbon material characterization techniques
(XRD, Raman, BET, and SEM/TEM), and more on electrochemical
testing techniques (galvanostatic charge/discharge) to achieve
capacities of >350 mAhg� 1 with less than 1% loss over
100 cycles and initial coulombic efficiencies >90%. Lastly,
efforts towards commercialization must include modifactions in
process parameters to improve techno-economic viability, such
as minimized catalyst loading and efficient catalyst recycling.
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