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In brief

Graphene is an important material utilized

in many applications. However, the

current production of graphene based on

natural or artificial graphite is expensive

and environmentally unfriendly. Flash

Joule heating (FJH) emerges as a cleaner

production process, and biomass waste

could provide a more renewable

feedstock, but graphene quality and the

life cycle sustainability of such a process

remain unclear. Here we conduct lab-

scale examinations and show that FJH

can produce high-quality flash graphene

from biomass waste with a �90%

reduction in environmental footprint

(especially carbon emissions and

freshwater use) and significantly

lower costs.
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SCIENCE FOR SOCIETY Graphene is a strong, flexible, and light material with impressive heat and electricity
conduction properties. These characteristics have seen it dubbed as a ‘‘wondermaterial,’’ and it is revolution-
izing a wide range of applications that are vital to sustainable development, from energy storage to health-
care. Existing graphene production approaches are, however, unsustainable. The feedstock, or origin mate-
rial, usually comes frommining graphite, and the production of graphene fromgraphite requires intensive use
of chemical solvents and energy that have substantial environmental impacts. Flash Joule heating (FJH) has
recently emerged as a cleaner grapheneproduction process, andbiomasswaste (e.g., wheat straws) that has
a carbon-rich structure is a potential renewable alternative to graphite. However, the sustainability credentials
of the FJH approach remain unclear, and it is far from certainwhether FJH can use biomasswaste to produce
industry-quality graphene. Our lab results show that high-quality flash graphene can be obtained from
biomass waste via FJH. Importantly, the FJH process not only lessens carbon and water footprints by
more than 90%, but is also much more cost effective, compared with existing technologies.
SUMMARY
Graphene is widely applied in many important technologies, with demand projected to grow exponentially.
Conventional graphene production approaches that use natural/artificial graphite are expensive and energy
and chemical intensive, resulting in a significant environmental footprint. The recent flash Joule heating (FJH)
technology that can produce flash graphene (FG) from carbon-rich waste materials has been proposed as a
cleaner production process, but the quality of FG made from biomass waste via FJH and the overall sustain-
ability of the process remain unclear. Here we conduct lab-scale experiments to fill these knowledge gaps.
We show that biomass waste-derived FG shows excellent thermal and electrical conductivity, and the FJH
process results in a more than 10-fold decrease in life-cycle environmental impacts including carbon emis-
sions and freshwater use relative to the conventional approaches. The FJH process is also cost effective, with
the biomass waste-derived FG being much cheaper than graphite-based graphene. Our study identifies cir-
cular and sustainable opportunities for future graphene production.
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INTRODUCTION
Figure 1. Estimates of global graphite reserves from 2021 to 2068

The natural graphite reserves are currently estimated at 260 million tonnes.
Over the past two decades, graphene has attracted massive

attention in research, industry, and policy arenas.1 It is the thin-

nest and strongest material known to mankind, with numerous

unique and exceptional properties including large theoretical

specific surface area,2 high intrinsic mobility,3 and high thermal

and electrical conductivity.4 This new material is expected to

revolutionize a wide range of industries from biomedicals, elec-

tronics, and energy storage to aerospace.5–8 For example, it

can substantially improve the performance—including energy

density, power, and safety—of electrochemical energy storage

devices, and thus it may accelerate the transition to renewable

energy. Many countries have proposed and implemented major

fiscal stimulus plans to accelerate the industrialization and

commercialization of graphene.9,10

Atpresent, theprimaryapproaches to thebulk-scalepreparation

of graphene rely on a top-down synthesis: exfoliating graphene

(e.g., via oxidation-reduction, liquidphase stripping, ormechanical

exfoliation).11–14 However, these approaches face several environ-

mental challenges. First, they require intensive use of solvents

(such as H2SO4 and KMnO4), sonication, or electrochemical treat-

ment, posing potential environmental and health risks.15–18 Sec-

ond, they are energy and carbon intensive, with a carbon footprint

up to�620gCO2equivalent (CO2e) per gof grapheneproduced.
19

Third, they are highly dependent on the supply of natural graphite,

which could be depleted in the next few decades if mined at 5.6%

annual increments (Figure 1).20–22 Although graphene can be pro-

duced from artificial graphite by carbonization and graphitization

of organics (such as petroleum coke), artificial graphite has much

greater environmental impacts than natural graphite.23,24 Given

thesechallenges,effortshavebeenmade toseekmoresustainable

feedstocks, such as crop residues, waste plastics, and discarded

batteries.25–28 However, graphenematerials converted from these

wastes are mostly of low quality with large fractions of defects,

contamination, and oxidation.29 These problems are likely to limit

the large-scale use of waste materials by the graphene industry.

Recently, the flash Joule heating (FJH) technology, requiring

the use of electricity only, has been developed to produce

high-quality flash graphene (FG) from various waste mate-

rials.30,31 With an ultra-high temperature (�3,000 K) driven by

the local current in the carbon precursor, this technology can

force carbon-carbon bonds to break and rearrange for the FG

preparation. The FJH technology seems to offer some environ-

mental benefits. It does not use toxic chemicals and provides

a new valorization route for various wastes, most of which are

landfilled or littered.32 However, to what extent FG produced

by the FJH technology is more environmentally sustainable

than traditional graphene remains unclear. Its production relies

on the use of electricity, which is a major source of CO2 emis-

sions and air pollution given the use of fossil fuels in many coun-

tries such as China.33 The FG production process releases air

pollutants such as CO and C2H4 that, if not adequately captured,

can affect human health.34 The production, collection, and trans-

portation of feedstocks also have environmental impacts.35

Thus, determining the relative environmental performance

of FG produced by the FJH technology requires rigorous quan-

tification using systems approaches like life cycle assess-

ment (LCA).35
Here we fill the knowledge gap by carrying out an experiment

to examine the life cycle environmental impacts of FJH technol-

ogy.35 We designed an FJH system, based on a continuous

alternating current flash Joule heating (AC-FJH) process and

a subsequent direct current flash Joule heating (DC-FJH) pro-

cess, to produce FG from forestry and agricultural residues

(i.e., sawdust, wheat straw, corn straw, and rice straw). The

experimental results show that about 0.02 g of FGs can be

produced from 0.2 g of biomass waste. We also measured

the material use, energy consumption, and air emissions of

the two processes. The measured data were then fed into an

LCA model, with upstream data on feedstock and energy pro-

duction collected from China. We compared the life cycle

impact results with those of the conventional technologies

(e.g., oxidation-reduction and electrochemical exfoliation)

based on the production of 1 g graphene (as the functional

unit).19 We found that FG produced from biomass waste and

by the FJH technology has considerably lower environmental

footprints than conventional graphene, particularly the reduc-

tion of carbon emissions and freshwater withdrawals by at least

10 times. Notably, our proposed biomasswaste-derived FG

could readily become carbon neutral when the FJH process

is powered by renewable energy. In addition, the biomass-

waste-based FJH technology is much more efficient, with the

cost of FG estimated to be one-fifth or even less than that of

conventional graphene. Overall, our study reveals that the

FJH technology can contribute greatly to the environmental

and economic sustainability of graphene production, with the

potential to facilitate the transition of circular bioeconomy by

valorizing biomass waste.

RESULTS

Flash graphene from four biomass waste sources
As shown in Figure S1 and Table S1, the AC-FJH and DC-FJH

devices were fabricated to prepare FG from sawdust, wheat

straw, corn straw, and rice straw (Table S2).30,31 First, prelimi-

nary FG was synthesized in the AC-FJH process, as reflected

in the mean Raman spectroscopy (Figure 2A). The biomass-

derived preliminary FGs had a high intensity of D band

(�1,350 cm�1), which implied the presence of a large amount

of amorphous or disordered carbon.36 Then, the preliminary

FG was further subjected to the DC-FJH process to obtain
One Earth 5, 1394–1403, December 16, 2022 1395



Figure 2. Characteristics and electrochemi-

cal performance of various biomass-derived

flash graphene (FG)

(A) Raman spectra for various biomass-derived

preliminary FG from the AC-FJH process.

(B) Raman spectra (best and mean spectra) of FG

derived from sawdust (SD), wheat straw (WS), corn

straw (CS), and rice straw (RS), respectively.

(C) AFM of FG from SD.

(D) Height profile along the dotted green line.

(E) TEM image of FG from SD.

(F) Galvanostatic charge/discharge (GCD) and

(G) cycling performances and Coulomb efficiency of

FG from SD.
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high-quality FG. The Brunauer-Emmett-Teller (BET) surface

areas and pore sizes of preliminary FGs are shown in

Figures S2A and S2B. Flashing voltage and duration, which

impact the quality of the as-prepared FGs, were optimized as

150 V and 30 ms, respectively (Figures S3 and S4).

Compared with preliminary FGs and other reported graphene

preparation methods,37–40 the final FGs produced from the DC-

FJH process had a low-intensity D peak in both the best and

mean Raman spectra, indicating the absence of considerable de-

fects (Figure 2B). The intensity ratio of the 2DandGbandsdemon-

strated that the FGs consisted mainly of few-layered graphene

structures,41 which can be further confirmed by the atomic force

microscopy (AFM) and transmission electron microscopy (TEM)

results (Figures 2C–2E, S5, andS6andNoteS1).More information

on assessing FG quality and type, including Raman spectra, AFM,

HR-TEM, scanning electron microscopy (SEM), X-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XPS), BET surface

areas, and pore sizes are provided as supporting information

(Note S1 and Figures S5, S6, S7, S8, S9 and S10). Furthermore,

the thermal and electrical conductivity of FG at room temperature

was 143.5 W/mK and 235 S/cm, respectively, falling within the

range for some reported graphene produced by conventional

technologies (46.1–187 W/mK and 5.2–276.8 S/cm).42–45 Thus,

the FG showed good applicability in electrochemical energy stor-

age devices, especially as electrode material in the Li-ion battery

(see Figures 2F and 2G and Note S2). These results demonstrated

the successful synthesis of high-quality FG from various types of

biomass waste.
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Process inputs and outputs
The yields of preliminary FG from the

AC-FJH process were less than 20%

(Table S3), owing to the carbon content

and thermal stability of the parent mate-

rials.30,31 The as-prepared preliminary

FGs had similar element compositions,

including high carbon (82.1%–89.3%), me-

dium oxygen (7.21%–10.6%), and low

hydrogen (%0.94%), nitrogen (%0.65%),

and sulfur (%0.24%) content (Table S3).

In addition, large amounts of bio-gas and

oil were produced instantly in the thermal

decomposition of biomass (�2,500 K,

Figure S11), with a total yield of up to

80% (Figure 3A). As shown in Figure 3B
and Table S4, the bio-gas (wt % and vol %) from the various

biomass sources was mainly composed of small-molecule

gases (such as H2, CO, CO2, CH4, C2H2, and C2H4). These gases

were mainly produced by high-temperature thermal cracking of

biomass or bio-oil.46,47 The differences in bio-gas content may

be caused by biomass components.

In the DC-FJH process, the ultra-high flash temperature

(�3,100 K, Figure S12) accelerated the sublimation of non-car-

bon elements. Due to the higher carbon content in its parent

material, the yields of FGs in the DC-FJH process were much

higher than preliminary FGs in the AC-FJH process, reaching

more than 52.5% (Table S3). The carbon content in FGs was

significantly increased to more than 90.1%, while the content

of other elements (such as oxygen, hydrogen, nitrogen, and sul-

fur) decreased (Table S3). Figure 3C shows that the process

generated 9.88, 6.56, 8.94, and 6.95 g CO2e of greenhouse

gas (GHG) emissions (mainly CO2 and CH4) to synthesize 1 g

of FG with sawdust, wheat straw, corn straw, and rice straw as

raw materials, respectively. Notably, the AC-FJH process was

the main source of GHG emissions. The estimated yields of H2

derived from sawdust, wheat straw, corn straw, and rice straw

per gram of FG produced were 0.26, 0.29, 0.36, and 0.31 g,

respectively, and the estimated yields of CO were 4.79, 4.72,

5.69, and 5.38 g (Figure 3C).

Total electricity used through the AC-FJH and DC-FJH

processes was 0.019, 0.009, 0.017, and 0.018 kWh per g of

FG produced from the four biomass sources (sawdust, wheat

straw, corn straw, and rice straw; Figure S13 and Note S3).



Figure 3. Preparation routes and process of biomass-derived FG

(A) The system boundary for LCA of biomass-based FG systems. The produced bio-gas and bio-oil can be collected and used for fossil fuel substitution, which

was described in the potential offset benefits section.

(B) Yields of each component from SD, WS, CS, and RS in the AC-FJH process, respectively (the other represents bio-oil and uncertain gases). The error bars

represent the standard deviation where N = 3.

(C) The yields of syngas and GHG in the synthesis of unit mass net FG from biomass. A more detailed gas composition (vol %) can be found in Table S6.
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The differences in electricity use may be related to sample resis-

tance and composition (Table S5). The AC-FJH andDC-FJHpro-

cesses at the lab scale were completed in the quartz tube. Each

quartz tube weighed about 1 g. Based on our experiment,

the tubes needed to be replaced after about 300 cycles due to

wear and tear created by the FJH processes. Therefore, the

amount of quartz tube consumed to produce 1 g of FG for the

four biomass-based FG systems was estimated to be 0.15 g.

Considering that quartz tubes can be recycled for reprocessing,

their consumption may be reduced during large-scale FGs

production.

Climate change impact
The climate change impact pertaining to 1 g of FG production

from the four biomass feedstocks based on the ReCiPe 2008
method is presented in Table S6. These results are compared

with three traditional graphene production technologies, i.e.,

electrochemical exfoliation of graphite (EE), chemical oxidation

and subsequent chemical reduction (rGO2C), and chemical

oxidation and subsequent thermal reduction (rGO2T) (Figure 4A).

The life cycle inventory data for the three graphene production

technologies at both the lab scale and a likely commercial scale

are from a recent, comprehensive study (Tables S7 and S8).19

We recalculated the impact results of these technologies at

different scales using the ReCiPe 2008 method instead of the

ILCD method (Tables S9 and S10).

The climate change impact of the four biomass-based FG sys-

tems falls in the range of 2.73–11.5 gCO2e per g of FG produced.

These estimates account for the carbon captured in the FG and

the fossil fuel offset from the use of bio-gas collected from the
One Earth 5, 1394–1403, December 16, 2022 1397



Figure 4. Climate change impact of biomass-based FG systems and conventional graphene systems before and after the use of renewable

energy

(A) Comparison of life cycle GHG emissions between biomass-based FG systems and traditional technologies at the lab and commercial scales.

(B) Contribution analysis of the GHG emissions derived from 1 g of FG produced by the four biomass-based FG systems in terms of material and energy inputs.

(C) Comparison of life cycle GHG emissions between biomass-based FG systems and traditional technologies with the use of renewable energy at the lab and

commercial scales. EE: electrochemical exfoliation of graphite; rGO2C: chemical oxidation and subsequent chemical reduction; rGO2T: chemical oxidation and

subsequent thermal reduction.
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FJH processes. They are much lower than the climate change

impact of graphene produced by traditional technologies

(149–407 g CO2e at the lab scale and 28–407 g CO2e at the

commercial scale, respectively). This is mainly because the

FJH processes require much lower use of electricity and chem-

ical materials. For instance, the electrochemical exfoliation of

graphite requires 0.514 kWh of electricity at the lab scale to pro-

duce 1 g of graphene, more than 26 times higher than the FJH

technology using biomass waste in this study. In addition, the

chemical materials, such as calcium hydroxide and hydrazine,

required by the chemical oxidation and subsequent chemical

reduction technologies also incur substantial GHG emissions,

contributing�27.2% to the total climate change impact. Though

most of the traditional technologies could benefit from the likely

scale-up scenarios,19 their climate change impact is still much

higher than that of the FJH technology in this study.

Our contribution analysis indicates that in the case of China,

electricity is the main driver of the climate change impact

of biomass-based FG systems (Figure 4B), accounting for

77.1%–92.6%of total emissions. If the electricity system is decar-

bonizedwith the use of renewable energy, all four biomass-based

FG systems could achieve carbon-neutral or even carbon-nega-

tive values when considering the fossil fuel offset options (see

the potential offset benefits of the experimental procedures sec-

tion for assumptions) (�2.53 to �5.96 g CO2e per g of FG;

Figure 4C). This could be achievedwhen the industry itself adopts

renewable energy on site without the use of grid electricity (amore

aggressivemitigation scenario) or when the grid systems become

greener with increasing penetration of renewables (a more pas-

sive mitigation scenario). By contrast, even when the electricity

system is decarbonized, the traditional grapheneproduction tech-

nologies would still contribute to climate change (�5.53–84.3 g

CO2e at the lab scale and �5.41–52.6 g CO2e per g of FG on

the likely commercial scale). This is due to the intensive use of

chemical materials, the production of which incurs direct process

GHG emissions that are difficult to abate. For the biomass-based

FG systems, carbon black and straw production phases

contribute 5.89%–10.7% and 2.37%–17.0% to the total climate

change impact, respectively. Quartz tubes consumed during the
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AC-FJH and DC-FJH processes make negligible contributions

(less than 0.1%).

Other environmental impacts
In addition to the climate change impact, we evaluated a set of

other environmental impacts that are relevant to biomass-

derived product systems (see experimental procedures). The

biomass-based FG systems have much smaller impacts than

the three traditional technologies across all impact categories

evaluated (Figure 5). The fossil depletion impact is estimated to

be 1.81 to 3.97 g oil-eq (Table S6), only 1.78%–7.65% of that

of traditional technologies at the lab scale (43.8–102 g oil-eq).

The terrestrial acidification impact amounts to 0.02–0.04 g

SO2-eq, about 1.88%–7.50% that of traditional technologies

(0.57–1.13 g SO2-eq). The freshwater eutrophication impact

shows a negative value due to the offset benefits from fossil

fuel substitution, �3.18 to �0.40 mg P-eq, whereas it is 1.92–

26.5 mg P-eq for traditional technologies. The metal depletion

impact falls in the range of 0.08–0.13 g Fe-eq, representing

0.08%–5.32% that of traditional technologies (2.40–104 g Fe-

eq). The particulate matter formation impact amounts to 0.00–

0.01 g PM10-eq, about 0.57%–6.89% that of traditional technol-

ogies (0.19–0.44 g PM10-eq). The photochemical oxidant forma-

tion impact is estimated to be 0.90–26.7 mg NMVOC-eq, about

0.10%–9.62% that of traditional technologies (0.28–0.91 g

NMVOC-eq). The water depletion impact falls in the range of

�1.31 to 2.25 kg water, much lower than that of traditional tech-

nologies (29.8–317 kg water). The new FJH technology also has

much smaller impacts than the three traditional technologies at

the likely commercial scale (Figure S14).

Similar to the climate change impact, electricity use during the

AC-FJH and DC-FJH processes has the largest contribution to

most of the environmental impact categories evaluated, i.e., fos-

sil depletion (61.8%–77.6%), terrestrial acidification (66.8%–

87.4%), metal depletion (34.4%–64.5%), particulate matter for-

mation (72.0%–87.2%), and photochemical oxidant formation

(79.8%–90.9%) (Figure S15). The straw production phasemakes

the largest contribution to freshwater eutrophication for the FG

systems based on wheat straw and rice straw (61.9% and



Figure 5. Other life cycle environmental im-

pacts of biomass-based FG systems and con-

ventional graphene systems at the lab scale

are based on the ReCiPe 2008 method

For each impact category, the highest impact

value is set to be 100%, and the value of other

technologies equals to be the percentage shares

of each product system based on this highest

impact. FD: fossil depletion; TA: terrestrial acidi-

fication; FEP: freshwater eutrophication; MD:

metal depletion; PMF: particulate matter forma-

tion; POF: photochemical oxidant formation; WD:

water depletion.
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66.5%, respectively) due to the application of nitrogen fertilizer

during crop production. It also makes the largest contribution

to water depletion for the FG systems based on wheat straw,

corn straw, and rice straw (52.9%–79.1%) due to crop irrigation

water use (Table S11). Carbon black is the main contributor to

freshwater eutrophication for the sawdust- and corn straw-

based FG systems (94.9%and 56.2%, respectively) and towater

depletion for the sawdust-based FG system (91.0%) because of

its relatively higher freshwater eutrophication and water deple-

tion impacts during the upstream production processes.

Among the four biomass-based FG systems, the wheat

straw-based FG system performs the best across most

environmental impacts, including climate change, fossil fuel

depletion, terrestrial acidification, metal depletion, and partic-

ulate matter formation (Table S6). This is mainly because

it requires the least amount of electricity (0.009 kWh per 1 g

of graphene) during the AC-FJH and DC-FJH processes,

only about half of that consumed by the other three

biomass-based FG systems. The wheat straw-based FG sys-

tem performs better than the rice straw-based FG system for

water depletion because of the intensive use of irrigation wa-

ter in rice production.

DISCUSSION

Our study has demonstrated that the FGproduced frombiomass

waste based on the new FJH technology has substantially lower

environmental impacts than graphene produced by traditional

production technologies. Notably, FG has a substantially lower

carbon footprint and could easily become carbon neutral when

renewable energy is used. In comparison, it would be more diffi-

cult for traditional graphene production technologies to achieve

carbon neutrality partly because of the intensive use of chemical

materials. The chemical industry faces a great challenge to be

decarbonized for heavy capital investment, complex processes,

and emissions from non-energy sources.48 The lower impacts of

FG depend partly on the utilization of processed bio-gas to pro-

duce energy and displace fossil fuels. In the future when fossil

fuels are replaced by renewables, the process bio-gas can still

be utilized to produce electricity49 as an input to the FG produc-

tion processes, reducing the reliance on external electricity sup-

ply. Although our data are primarily from China, our findings are

likely of global relevance. Additional analysis based on other
countries’ electricity and biomass data shows that FG consis-

tently outperforms graphene produced from traditional technol-

ogies (Table S12), suggesting its potential to contribute to the

environmental sustainability of the graphene industry on a global

scale.

Our use of laboratory data, albeit at the experimental scale, of-

fers insight into the potential impact of the FJH technology when

it is industrialized. By our estimation, an automated device can

produce FG in only 5 s, and its production capacity can reach

10 kg/day if working continuously (Figure S16). As with the tradi-

tional technologies,19 industrial-scale FJH devices (e.g., through

automation) will be more energy and material efficient than lab-

scale FJH devices, and a reduction in life cycle impacts by at

least 40% is expected. It is worth noting that the FG itself can

be used as the conductive additive, but we found that it would

decrease production efficiency and increase the environmental

impacts of FG production. For example, the climate change

impact of the sawdust-based FG system would increase from

8.88 to 22.7 g CO2e/g of FG. Therefore, we recommend using

carbon black, instead of FG itself, as the conductive additive

for FG production. Future research could explore cheaper and

more environmentally friendly alternatives to carbon black to

further lower the environmental impacts of FG.

There are some uncertainties associated with our life cycle

modeling, but they are unlikely to affect the relative performance

of traditional graphene and new few-layered graphene produc-

tion technologies in China as estimated by our life cycle analysis.

Electricity is the primary contributor inmost impact categories for

the FGproduction system, and its use intensity—with only a small

uncertainty as shown by our experiment—is much smaller than

that in the conventional graphene systems. Biomass production

can be a primary contributor to the freshwater eutrophication and

water depletion impacts of FG (Figures S15B and S15G). This life

cycle phase poses some uncertainty given the large spatial vari-

ability of agricultural systems due in part to the influence of local

climate andsoil.50,51 Inour analysis, the life cycle estimates for FG

were based on national average data. At the regional level, fresh-

water eutrophication impact varies from�3.18 to�0.28mgP-eq

per g of graphene produced; even the upper bound is still much

lower than that of graphene produced by the three traditional

technologies (1.92–26.5 mg P-eq). The same goes for the water

depletion impact (Figure S17). Therefore, despite these uncer-

tainties, we expect our broad conclusion regarding the lower
One Earth 5, 1394–1403, December 16, 2022 1399
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environmental impacts of FG to hold robustly. One limitation

of our life cycle modeling is the exclusion of biomass transporta-

tion because this phase contributes negligible (<0.5%) to all

the considered impact categories (assuming a distance of

50 km, available at Zenodo: https://doi.org/10.5281/zenodo.

7314781).52 However, transportation may become a hotspot of

environmental impacts if the FG industry becomes globalized

and biomass is transported over long distances. In such a case,

it needs to be considered.

The FJH technology might provide additional benefits along

the upstream and downstream supply chain. On the upstream

side, it provides a new and profitable route of valorization for

biomass waste. Our analysis indicates that converting biomass

to FG could be 600–850 times more profitable than converting

them into biochar and bioenergy (Table S13). Thus, the new

technology can help facilitate the collection and utilization of

biomass waste, contributing to the development of circular bio-

economy. On the downstream side, the cost of conventional

graphenes, such as graphene oxide, is high (about $50–990

per kg),53 limiting its potential applications in only high-tech

sectors such as supercomputers and liquid crystal display ma-

terials. By contrast, the cost of producing 1 kg of biomass

waste-derived FG is estimated at $5.41–8.84 per kg (including

materials, labor, depreciation, maintenance, and energy costs;

Table S13). The much lower cost of biomass waste-derived

FG—which is expected to drop further at the commercial

scale—could help promote its broad use in many other indus-

tries such as building.54,55 These benefits of biomass-based FG

in upstream and downstream applications can be a focus of

future research.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests should be directed to and will be fulfilled by

the lead contact, Yi Yang (yi.yang@cqu.edu.cn).

Materials availability

Material generated in this study will be made available on request, but we may

require a payment and/or a completed materials transfer agreement if there is

potential for commercial application.

Data and code availability

All data needed to evaluate the conclusions in the paper are present in the pa-

per and/or the supplemental information. The detailed data and calculation for

the main LCA results of this study are provided at Zenodo: https://doi.org/10.

5281/zenodo.7314781.

Synthesis of high-quality flash graphene

To produce high-quality FG, various biomass sources (including sawdust,

wheat straw, corn straw, and rice straw) containing 5 wt % carbon black (Su-

per p li, Lizhiyuan, China) were treated as a conductive by using AC-FJH and

DC-FJH devices (Figure S1 and Table S1). Briefly, the biomass waste was

crushed into powder (80 mesh) and dried to constant weight, followed by

grinding with carbon black in a mortar. Then, 0.2 g of the mixture was loaded

in a quartz tube (tube thickness: 2 mm, inner diameter: 6 mm, length: 45 mm)

and pressed tightly with copper electrodes at each end to obtain a low resis-

tivity. Themixture was then placed in a vacuumdesiccator (�0.6 psi) and oper-

ated on alternating current (200 V, 50 Hz) for�6 s to release the necessary vol-

atiles and produce preliminary FG. A large amount of bio-gas was produced

from the mixture in the AC-FJH process. Therefore, one end of the copper

electrode was hollow to facilitate the collection of the generated gas with a

gas bag (200 mL). Subsequently, 0.2 g of preliminary FG was subjected to

DC-FJH to obtain high-quality FG at the desired discharge voltage and time.
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Characterizations

Raman spectra was carried out using a XploRA Raman spectrometer with a

532-nm (5-mW) laser source under a 503 objective microscope. And the

Raman parameters were fitted with three distinctive Lorentz peaks using Lab-

Spec6.4 software, corresponding to G (�1,580 cm�1), D (�1,350 cm�1), and

2D (�2,700 cm�1) bands, respectively. XRD of FGs derived from various

biomass was performed using rigaku Ultima IV with Cu Ka radiation at

40 kV, 40 mA in the 2q range of 5�–80�. XPS of FG was examined by using

Thermo ESCALAB 250 XI with Al Ka X-ray radiation (400 mm spot size) at a

base pressure of 10�8 to 10�10 mbar. Survey scans were acquired with a

pass energy of 50 eV and a step size of 0.05 eV. Elemental spectra of FGs

were acquired with a pass energy of 30 eV and a step size of 0.1 eV. The bind-

ing energies of high resolutions spectra were calibrated at C 1s of 284.6 eV. N2

adsorption/desorption isotherms of FG were conducted on a Quantachrome

Autosorb iQ2 instrument at 77 K after degassing at 573 K for 8 h. Specific sur-

face area (SBET) and total pore volume (VT) were determined by the BET equa-

tion. The C/H/N/S analysis of FGs was performed using an elemental analyzer

(Vario EL III, Germany). Themorphologies of FGswere acquired by using scan-

ning electron microscopy (SEM, ZEISS Gemini 300) and TEM (Tecnai G2 F20

S-Twin, FEI). The flake images of FG were determined using an AFM (Asylum

Research MFP-3D, USA). The thermal property of FG was measured by a Hot

Disk thermal constant analyzer (Hot Disk TPS2500S, Sweden). The electrical

conductivity of FG was measured by the four-point probe technique (YAOS

FM1-00GH, China).

The collected bio-gas compositions were quantitatively analyzed by gas

chromatography (GC-960, Haixin, China) equipped with a thermal conduc-

tivity detector channel to test H2, CO, CO2, and CH4. For H2, the carrier

gas was N2, and the temperatures of the injector, detector, and oven were

393, 383, and 393 K, respectively; while for testing CO, CO2, and CH4, the

carrier gas was changed to He, and other conditions were the same. A stan-

dard gas mixture of the above gases in N2 was purchased from Air Liquide

Compressed Gas (China). Hydrocarbons (such as C2H2, C2H4, C2H6, C3H8,

C3H6, C3H4, and C4H10) were checked on a flame-ionization detector with

N2 as the carrier gas and an oven temperature of 393 K. A standard gas

mixture of these hydrocarbons was also purchased from Air Liquide Com-

pressed Gas (China). The response factor was obtained using standard

gases for quantitative analysis.

The electrochemical performance of FG was performed using a CR2032

cell. The FG was directly used as the anodic, while Li metal, Celgard

K2045, and 1 M lithium hexafluorophosphate dissolved in 1:1:1 ethylene

carbonate:dimethyl carbonate:diethyl carbonate as the counter electrode,

separator, and electrolyte, respectively. The anodic was prepared with

80 wt % of FG, 10 wt % acetylene black, and 10 wt % polyvinylidene difluor-

ide in N-methyl-2-pyrrolidone. The well-mixed electrode material was then

pasted onto Cu foil and dried at 85�C in a vacuum oven. All the cells

were assembled in a glove box under an argon atmosphere and stabilized

to an equilibrium state for about 8 h. The galvanostatic charge/discharge

curves of the cells were recorded by a Battery Testing System

(LANHE, CT2001A, China) in a voltage range of 0.01–3.0 V (vs. Li+/Li) for

the anode. The cyclic voltammetry test and the electrochemical impedance

spectroscopy test were carried out on an electrochemical workstation

(CHI-660E).

Life cycle assessment

LCA is a systematic approach to evaluating the potential environmental im-

pacts associated with a product or service throughout its entire life cycle,

i.e., from raw material extraction, processing, manufacturing, and use to final

disposal.35,56,57 In this section, we provide a detailed description of the goal

and scope definition, inventory analysis, and impact assessment of our LCA

following ISO guidelines.35

Goal and scope definition

The goal of this LCA study was to evaluate the environmental impacts of

biomass-derived FG production from cradle to gate and to compare with life

cycle results of the conventional graphene production technologies in China.

As shown in Figure 3A, the system boundary of the FG production covers

the three main phases: biomass cultivation, AC-FJH, and DC-FJH processes.

Since the transportation of different materials from the manufacturing location

to the laboratory is not included in Cossutta et al.,19 we did not consider the
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transportation of biomass and quartz tube in this study either to keep the same

system boundary and the results comparable. In general, transportation

makes a small contribution in biomass systems (data given in Zenodo:

https://doi.org/10.5281/zenodo.7314781). The functional unit of our LCA is

one g of FG produced, which serves as the basis for comparison35 with the

conventional technologies.

Inventory analysis

We relied on both experimental data and LCA literature or databases to esti-

mate the life cycle environmental impacts of FG production. The directmaterial

and energy inputs and emissions during the FG production were measured in

our experiment (see Table S14). As for data quality requirements, several ex-

periments were conducted, and the errors in the yield ratio of FG and gas con-

centration were all within 2%, respectively. Data for crop cultivation—including

usage of pesticides, fertilizers, and diesel—were collected at the province level

and from relevant literature and statistical yearbooks (details available in

TableS11). Various types of emissions could beproduced from the useof these

inputs and were estimated using emission factors following the methods

created in previous studies.58 The overall environmental impacts derived

fromcropcultivationwere allocated to the strawaccording to itsmarket values.

Specifically, 12.8%, 8.01%, and 13.9% of total environmental impacts of

wheat, corn, and rice cultivation were allocated to wheat straw, corn straw,

and rice straw, respectively. The environmental impacts associated with

sawdust production were neglected in this study because it is residue from

the wood processing industry and is usually considered waste that has zero

emission burdens.59,60 In terms of renewable energy for decarbonizing FG

production, hydroelectricity was assumed to be used because hydropower ac-

counts for the largest proportion of China’s renewable electricity generation

currently.61 As stated before, the life cycle inventory data for the three conven-

tional graphene production technologies at both the lab scale and the likely

commercial scale are from Cossutta et al.19 with no adjustments. Data on the

life cycle burdens of energy, agrichemical inputs, and other materials (e.g.,

electricity, fertilizers, carbon black, and quartz tube) were obtained from the

Ecoinvent 3.5 database and the PE International database under the Gabi 8

platform (the Cut-off System Model).62

Impact assessment

In the life cycle impact assessment (LCIA) phase, inventory results are translated

toenvironmental impactpotentials tounderstand their relativeenvironmental sig-

nificance. The LCIA model used in our study is the ReCiPe 2008 method.63 As

listed in Table S6, the considered impact categories include climate change, fos-

sil depletion, terrestrial acidification, freshwater eutrophication, metal depletion,

particulatematter formation, photochemical oxidant formation, andwater deple-

tion, and all the impacts are expressed based on the functional unit. Due to the

lack of pesticide-related data during the biomass cultivation process, the toxicity

impact categories are not considered in this study.64

Potential offset benefits

Since a large amount of bio-gas and oil is produced during the AC-FJH pro-

cess, they can be collected and utilized to displace fossil fuels. The bio-gas

can substitute for coke oven gas and the bio-oil can be used as an alternative

for coal tar produced as a by-product of coke production.65 Detailed data are

provided in Table S15. Note that we followed Hill et al.66 and applied a 1:0.5

instead of 1:1 displacement ratio, i.e., 1 MJ of bioenergy displaces only

0.5 MJ of fossil fuels, given the potential rebound effect associated with the

additional bioenergy as shown by a large body of studies.64,67 Then the total

environmental impacts of FG production are the life cycle environmental im-

pacts derived from the energy and materials inputs subtracting the offset ben-

efits through the substitution of fossil fuels.
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