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Graphite-silicon (GtSi) composites are recognized as promising materials as a replacement of graphite in

lithium battery anodes because of their high specific capacity of around 1000 mAh g−1 and their mitigated

volume change in cycling. Taking advantage of the recent progress in used battery treatment, we investi-

gate the production of GtSi from recycled graphite as a strategy for material upcycling. The present paper

reports the scaling-up of GtSi synthesis to a 25 gram scale. To manage the risk associated with this

growth process involving pyrophoric reagents and hydrogen gas evolution at 400 °C under 10 bar, the

kinetic and thermodynamic parameters of diphenylsilane thermal decomposition were accurately

measured. The scaled-up synthesis of GtSi then allowed the use of relevant roll-to-roll battery electrode

fabrication and assembly of 40 mAh GtSi|NMC811 pouch cells and demonstrated a high energy density of

984 Wh L−1. Finally, life cycle assessment has been used to identify environmental hotspots for GtSi and

GtSi|NMC cell fabrication. Lab-scale primary data were used to draw transparent and clear life cycle

inventories, thus contributing to filling data gaps, typically a bottleneck in LCAs of novel battery materials

and technologies.

Broader context
To meet their promise of a more sustainable world, electric mobility systems must adopt a circular economy perspective. This requires that batteries not only
be recyclable but also include an increasing proportion of recycled raw materials. However, recycling adds up to costs, and recycled raw materials exhibit
lower purity, which often translates into lower performance. The present paper proposes upgrading graphite recycled from anodes of used batteries into a
more energy-dense anode material for next-generation batteries. The experimental study is completed by a life cycle analysis, showing the environmental rele-
vance of this approach.

Introduction

Silicon (Si) is a highly promising material for lithium-ion
battery (LIB) anodes1 due to its exceptional theoretical capacity
of 3579 mAh g−1, corresponding to the uptake of 3.75 Li per Si
atom. However, this high capacity is accompanied by a large
volume expansion of 280% during lithiation, which challenges
cycling stability. Nanostructuration of Si proved to be effective
in overcoming this issue and demonstrating both high anode

capacity and long cycling stability.2 A wide literature on Si
nanoparticles, nanowires and nanocomposites has reported
decades of improvements in high-energy density LIB anode
materials compatible with several technologies of LIBs,3–7

including Li–S8,9 and solid-state batteries.10–13 However, it
mostly deals with the synthesis of small batches of a few
100 mg of material, which in turn restricts the electrochemical
tests to lab-scale LIB cells.

Electrode formulation and fabrication can offer much
higher quality electrodes based on appropriate ink mixing and
continuous electrode coating. LIB fabrication by a roll-to-roll
process gives access to more reliable battery tests and a more
detailed understanding of material behavior. The refined
design of the slurry and roll-to-roll electrode fabrication
require quantities of materials on the 20–100 gram scale, a
challenge in nanomaterial synthesis in general and in nano-
silicon in particular. Scaling-up material synthesis requires
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taking into account cost, yield and safety issues, which are
often postponed in early-stage studies by reducing the amount
of matter to be handled. Yet considering such issues gives
meaningful information to forecast opportunities and barriers
on the way to possible industrialization, including for a first
life cycle analysis. Here, we report on the scale-up of active
material synthesis to above 25 grams for this purpose.

Graphite-silicon (GtSi) composites showed interesting per-
formance in high-energy density LIBs in the literature14–18 and
our previous studies.19,20 We demonstrated that the anode
volume change due to silicon lithiation was mitigated by its
composition with graphite. GtSi with 20% Si in weight afforded
a capacity above 1000 mAh g−1, although compliant with an
industrially relevant areal capacity of 4 mAh cm−2. In this work,
we replace battery-grade graphite by graphite recycled from used
batteries in the synthesis of a more sustainable GtSi.

The European Union’s new Batteries Regulation (EU 2023/
1542) sets recycling efficiency targets for lithium-based bat-
teries: 65% by mass by 2025, increasing to 70% by 2030. These
targets highlight the strategic importance of recovering valuable
battery materials, making the recycling of graphite from spent
LIBs a critical objective for sustainable and resilient battery
supply chains in Europe. While recycling the metal oxides from
LIB cathode materials offers an economically viable way in pro-
viding a high-value product,21 graphite recycling faces a more
difficult challenge due to its relatively low economic value. At
the same time, the escalating global demand for LIBs is driving
significant growth in the graphite anode market, projected to
increase22 from USD 9.2 billion in 2023 to USD 29.9 billion by
2033, highlighting the need for sustainable resource manage-
ment. Efficient recovery of graphite from spent LIBs is therefore
essential both for maintaining the supply of this key material
and for supporting industrial-scale battery production in an
environmentally sustainable way.

Graphite can be efficiently recovered from the black mass of
spent LIBs and cell scraps using techniques such as froth flo-
tation combined with thermal pre-treatment (e.g., pyrolysis),
which can yield a high-purity material and separated carbon
suitable for reuse.23 These recycling processes provide an econ-
omically and environmentally competitive alternative to
relying on natural graphite resources from primary producers
like Mozambique, Madagascar, and Brazil.24 Operations in
these territories often have a high level of impact on the
human rights of Indigenous Peoples and Local Communities
(IPLCs), as exemplified by ongoing security issues and social
unrest.25,26 Overall, this circular approach not only supports
the circular economy by integrating refined carbon materials
back into the production of next-generation energy devices,
potentially increasing their adoption appeal,27 but also pro-
vides a cost-effective solution. Here, graphite recycled by froth
flotation was used. It was demonstrated that, after a high
temperature refinement, this material can deliver a capacity
similar to novel graphite when implemented in LIBs.28,29

Refurbished into a composite with silicon, it attains a much
higher specific capacity, which opens an attractive pathway
back into the battery value chain.

This study includes a scale-up of the synthesis to attain
25 g per batch in a safe and controlled lab process. Industrial
scale-ups of nano-silicon synthesis of battery materials have
been reported based on SiH4 as the Si source. The present
study led at a lab scale uses diphenylsilane as a safer silane
surrogate30–33 and reports on the associated yield optimization
and safety issues. The chemical dynamics of diphenylsilane
thermolysis, as well as that of phenylsilane and triphenylsi-
lane, which are reaction intermediates, was carefully studied
and rate and equilibrium constants were measured to allow
forecasting safe silicon growth conditions. This chemical
dynamic study will eventually be useful in designing other
silicon chemical deposition processes.

The scale-up was performed using both recycled graphite
and new battery-grade graphite for comparison, yielding the
composites denoted as R-GtSi and n-GtSi, respectively. Then
R-GtSi and n-GtSi are processed for the first time on a roll-to-
roll electrode fabrication line and tested in GtSi|NMC811 cells
of high energy density with 984 Wh L−1 after assembly consid-
ering the cell electrochemical core. Finally, life-cycle assess-
ment of anode fabrication and full-cell assembly provides a
quantitative evaluation of the environmental impact associated
with this scalable and circular material strategy.

Materials and methods
Chemicals

Diphenylsilane was purchased from Chemical Point. Tin chlor-
ide hydrate (98%) was purchased from Strem Chemicals.
Phenylsilane and triphenylsilane were purchased from Sigma-
Aldrich. Solvents N-methylpyrrolidone (NMP), ethanol, and
acetone were purchased from Sigma-Aldrich or Carlo Erba.

Kinetic study of the disproportionation of phenylsilanes by
1H-NMR

Pure diphenylsilane (200 µL), phenylsilane (200 µL) or triphe-
nylsilane (280 µL) was sealed in 30 mL borosilicate glass tubes
under vacuum. The quantity was chosen to produce an
internal pressure of about 3 bar in the glass tube once the
organosilane evaporates at high temperature, a pressure rele-
vant to conditions at the beginning of GtSi synthesis. The
tubes were heated in a tubular furnace (Carbolite Gero) at
300 °C or 400 °C. After cooling, the tubes were opened by
breaking the glass with a hammer in a sealed plastic bag to
avoid projection of broken glass under possible pressure. The
product was solubilized in deuterated chloroform and ana-
lyzed by 1H-NMR using a 400 MHz Advance Neo spectrometer
(Bruker). The longest proton relaxation rate of these samples
was measured and the T1 relaxation time was set to 30 s to
record quantitative spectra. The ratio of PhSiH3, Ph2SiH2 and
Ph3SiH concentrations was determined through the integrated
intensity of their characteristic Si–H peaks (Fig. S1), and the
concentration of PH4Si was deduced from the aromatic peaks
after subtraction of the expected intensity from the PhSiH3,
Ph2SiH2 and Ph3SiH aromatic protons. A small amount of
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benzene was detected in samples after prolonged heating
time.34 SiH4 could not be recovered but was detected in some
glass tubes through the internal pressure at the opening and
the deposition of fine white silica powder at the opening edge.
Its amount was calculated using the mass conservation law.

Synthesis of graphite-silicon composites

Graphite SLP30 (Imerys) was used as new graphite. Recycled
graphite was prepared as described in the previous work.28 Tin
sulfide nanoparticles were deposited on graphite following a
method adapted by Zhu et al.35 Graphite (new or recycled,
25 g) was dispersed in ethanol (25 mL) and then diluted with
distilled water (100 mL) under stirring for 10 minutes. The
graphite suspension was slowly added to a solution of tin
chloride (SnCl2·2H2O, 10 mmol in 150 mL of distilled water) at
85 °C under vigorous stirring. A solution of thioacetamide
(C2H5NS, 10 mmol in 25 mL of distilled water) was then added
and the reaction was allowed to proceed for 2 hours. Finally,
the reaction mixture was filtered and the SnS-graphite powder
was washed with distilled water and acetone and dried in air at
100 °C for 10 minutes.

The SnS-graphite powder was introduced on aluminum foil
shells in a steel pressure reactor in a closed or half-open con-
figuration, with diphenylsilane under primary vacuum. The
steel reactors, certified for 30 bar operation, have 7 mm thick
walls and are heated using a 1.2 kW resistive cylindrical oven
with temperature control (Equilabo, France). They are equipped
with a safety valve, a plunging J-type thermocouple and a
pressure sensor (Wika, Germany) with continuous recording.
The closed reactor derived from our previous design19 has an
inner chamber volume of 150 mL and was loaded with up to
12 mL of diphenylsilane and 1 g of SnS-graphite. It was operated
at a constant temperature until a pressure of 20 bar was
attained. The half-open reactor (Fig. S2) has an inner chamber
volume of 300 mL topped with a 40 cm-high cooling column
and a tunable spillway (Parr, USA) and was loaded with up to
100 mL of diphenylsilane and 20 g of SnS-graphite. It was
heated either at constant temperature or following a slow temp-
erature ramp. After growth and cooling down, the valve was care-
fully opened in the hood to let excess gas slowly escape. Then
the reactor was opened and the recovered powder was washed
with acetone, ground in a mortar, washed again with acetone
and dichloromethane and dried in air at 120 °C for 10 minutes.

Material characterization

Scanning electron microscopy (SEM) was performed using a
Zeiss Ultra 55+ microscope at an accelerating voltage of 5 kV
and a working distance of 5 mm. For elemental analysis, 2 mg
of GtSi composite was pressed into a 5 mm-diameter pellet in
a hydraulic press (Specac) under 2 tons of pressure for 2 min
to obtain a dense sample (>85%) with a flat surface. Energy-
dispersive X-ray spectroscopy (EDX) spectra were recorded
using the same SEM microscope at an accelerating voltage of
10 kV at a working distance of 7 mm. The apparatus was first
calibrated with a series of elemental standards (Zeiss). Powder
X-ray diffraction has been carried out using a D8 Discover

powder diffractometer equipped with a copper anode (Kα1 =
1.5406 Å; Kα2 = 1.5444 Å) and a 1D LynxEye XE-T detector. It
was configured in Bragg–Brentano geometry, with a variable
divergence slit on the primary beam path and a set of antiscat-
tering slits positioned before the sample. Axial divergence was
limited by 2.5 deg Soller slits. Data analysis (Le Bail profile
refinements) was performed using HighScorePlus software.

Electrochemical tests in batteries

The negative electrode is composed of 90 wt% of graphite-
silicon composites (n-GtSi or R-GtSi), 3 wt% of carbon black
(CB from Imerys, SuperP C65), 1 wt% of vapor-grown carbon
fibers (VGCFs from Showa Denko), 0.2 wt% of single-wall
carbon nanotubes (OcSiAl), 3.2 wt% of sodium carboxymethyl
cellulose (Na-CMC from Ashland) and 2.6 wt% of latex
(TRD302A from Eneos). The slurry was dispersed in DI water
for 40 min using a Dispermat® and refined with a three-roll
mill (Exakt) until a quality of dispersion of D100 < 50 µm was
obtained. The slurry was then coated on a 10 µm-thick copper
current collector foil with a loading of 4.5 mg cm−2 using a
roll-to-roll coating machine with a comma-bar coating head.
Then, the electrode was pressed down to a thickness of 44 μm
including the current collector using a rolling press machine
to reach a porosity of 35%.

The positive electrode is composed of 96 wt% of NMC811
(Targray), 2 wt% of binder (Solvay 5130 PVDF), 1.5 wt% of CB
and 0.5 wt% of VGCF. The slurry was dispersed in NMP for
25 min using a Dispermat® and was then coated on a 20 µm-
thick aluminum current collector foil with a loading of 21 mg
cm−2 using a roll-to-roll coating machine with a comma-bar
coating head. Then, the electrode was pressed down to a thick-
ness of 85 μm including the current collector using a rolling
press machine to reach a porosity of 30%.

For the preparation of coin cells (CR2032), negative elec-
trode discs (∅14 mm) were cut out of electrode rolls and dried
overnight at 105 °C in order to remove residual water. Coin
cells were assembled in a glove box filled with an argon atmo-
sphere, using lithium foil as an anode (Sigma-Aldrich, 99.99%
purity, 135 µm thick, disc of 16 mm diameter) and Celgard
2400 as a separator. The electrolyte was composed of 1 M
LiPF6 (Sigma-Aldrich, 99.99% purity) in a mixture of ethylene
carbonate (EC), dimethyl carbonate (DMC) and ethyl methyl
carbonate (EMC), 2 : 5 : 3 by volume with 10 wt% of fluoroethyl-
ene carbonate (FEC) and 2 wt% of vinylene carbonate (VC).

Single layer pouch (SLP) cells with a square shape of
10.2 cm2 for the positive electrode were also assembled with
the graphite-silicon composite negative electrodes and a
Celgard 2320 separator in a dry room after secondary drying of
the electrodes. The SLP cells were then introduced in a glove
box to be filled with the same electrolyte as coin cells and
sealed under vacuum.

The energy density of the cell electrochemical core was cal-
culated considering the reversible capacity during the first
cycle, the active surface of the cathode, the thickness of the
electrode active layers, the half-thickness of the current collec-
tor as electrodes that are single side coated, and the separator
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thickness. The overhang from the negative electrode or the
separators are not considered, such as the tabs, the electrolyte
excess or the coffee bag. Only the essential parts of the electro-
chemical system are taken into account.

Galvanostatic cycling was carried out in a battery tester
(Arbin) with a current rate or C-rate of C/20 for the first 2
cycles until reaching cut-off voltages of 10 mV and 1 V for half-
cells. Cycles are then performed with the same cut-off voltages
but a C-rate of C/5. For the SLP cells, the first three cycles are
performed at C/20, C/10 and C/5 between 2.5 and 4.2 V with a
compression set-up applying a constant thickness with an
initial pressure of 1 bar. Following cycling is performed at C/3
with check-ups at C/10 after each 20 cycles at C/3 series.

Swelling of the cell thickness was measured using an oper-
ando compression set-up applying 0.5 MPa on the active
surface of the cathode with 3 linear variable differential trans-
former sensors around the pouch cell as described in our pre-
vious reports.36,37

LCA methodology

A cradle-to-gate Life Cycle Assessment38 (LCA) was performed
using SimaPro 9.6.0.1 to evaluate the environmental impacts
of the innovative GtSi anode and its integration into a labora-
tory-scale 40 mAh Si–NMC single-layer pouch cell (Fig. S3).
The collected inventory relied mainly on laboratory-scale
experimental data (primary data) and was complemented with
literature when experimental data were not available (second-
ary data). Background processes were modelled using
Ecoinvent v3.9. Lack of primary data and reliance on outdated
sources are a major bottleneck in LCAs of batteries, particu-
larly when dealing with novel technologies.39 Given this, the
primary objective of this LCA is to fill data gaps, matching the
development of a technology with the collection of the data
necessary to build a transparent inventory. The secondary
objective is to use this data and the related assessment to
determine if there are environmental hotspots already detect-
able at the laboratory scale, in order to discuss possible early-
stage countermeasures. The functional unit (FU) was adopted
as “one 40 mAh Si–NMC single-layer pouch cell” produced at the
laboratory scale. This FU was seen as the most efficient for
data collection at the lab scale and for the transparent report-
ing of data themselves. Such a FU was equally seen as the most
meaningful for the interpretation of the current LCA results,
as well as the use of inventory data in future LCAs. As the LCA
was carried out at the laboratory scale, the results should not
be extrapolated beyond this context, as laboratory conditions
differ substantially from those of industrial manufacturing
and the associated impacts might not be directly comparable
with those reported for commercial batteries. The lab-scale
synthesis of 1 g of R-GtSi composite was modelled separately
to identify the main hotspots of the new process. The impact
assessment was carried out using the Environmental Footprint
(EF) 3.1 method, consistent with EU guidelines.40 The discus-
sion focuses on five relevant midpoint indicators:41 (i) acidifi-
cation, (ii) climate change, (iii) particulate matter, (iv) resource
use fossils, and (v) resource use minerals and metals.

Results and discussion
New vs. recycled battery-grade graphite for GtSi

GtSi was synthesized by direct growth of silicon on graphite as
Si nanowires (SiNWs), following our previous work42 (Fig. 1). A
thin layer of SnS nanoparticles was first deposited on the
graphite as seeds for the catalytic growth of Si. Then the SnS-
covered graphite was heated in a pressure reactor in the pres-
ence of diphenylsilane (Fig. S2).

Recycled graphite originated from black mass obtained
through lithium-ion battery (LIB) recycling by froth floatation.
The material was subsequently sent back to EcoGraf and puri-
fied using the EcoGraf proprietary purification process, as
described in Olutogun et al.,43 where graphite recovered from
spent LIBs was recycled for use in new LIBs. The graphite was
intensively mixed with caustic soda and heat-treated at
approximately 500 °C to evaporate the water content and form
a solid cake. The resulting cake was washed in a water bath,
allowing the individual particles to detach and form a dis-
persion. After filtration, the aqueous dispersion was treated
with diluted sulfuric acid at moderate temperatures, dissolving
sodium-associated impurities into the liquid phase. Following
completion of the reaction, the remaining graphite was filtered
and thoroughly washed until a neutral pH was achieved.

As a comparison, battery-grade graphite of type SLP30, with a
similar morphology and size distribution (Fig. 2a & d), was
chosen as a reference material. The elemental analysis by EDX
(Table S1) shows the presence of residues of metals in graphite,
mainly Ni (0.85%) and Al (0.13%). The specific capacity of
recycled graphite in LIBs was found to be lower by a few % than
that of new graphite (Fig. S4), respectively 365 vs. 412 mAh g−1.
The initial coulombic efficiency was also reduced, with values of
80.5% for recycled graphite and 88% for the reference material.

Reaction conditions were optimized to target a Si loading of
20% by weight to attain a GtSi-specific capacity close to
1000 mAh g−1. The nanostructure of GtSi (Fig. 2b and e) shows
graphite micro-particles covered with SiNWs of varying dia-
meters (Fig. 2c and f), as typically obtained from Sn-seeded Si
growth.44 The same nanostructure (Fig. S5 & S6) and same Si
loadings of 18 to 20% were obtained for n-GtSi and R-GtSi. The
specific capacity in delithiation of the GtSi anode materials was

Fig. 1 Scheme of the GtSi synthesis process.
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measured in half-cell configuration in coin cells at 950 mAh g−1

for both n- and R-GtSi (Fig. S7). However, the coulombic
efficiency is 88.2% for n-GtSi compared to 84.0% for R-Gt-Si in
accordance with the performance of new and recycled graphite.

Safe silicon growth in a compact reactor

As widely described for chemical vapor deposition processes,45

SiNW growth proceeds via a vapor–liquid–solid mechanism: (i)
the gaseous silicon source, usually silane SiH4, decomposes at
the surface of a liquid metal droplet (here Sn); (ii) Si dissolves
in the seed, releasing hydrogen gas along eqn (1); (iii) Si crys-
tallizes once saturation is attained in the droplet along eqn (2),
which induces nanowire growth.

SiH4 þ Snliq ! Sisolute in Sn þ 2H2 ð1Þ

Sisolute in Sn ! Sicrystal ð2Þ
SiNW growth operated from SiH4 demands stringent safety

measures associated with handling this pyrophoric gas at all
stages from shipping to storing in pressurized cylinders, circu-
lating, reacting and discarding. Specific safety assets and pro-
cedures dedicated to SiH4 use have been set for the chemical
industry of semiconductor manufacturing, electronics or
photovoltaics. In chemistry labs handling many other danger-
ous chemicals, such highly specific assets are not available.
More stable silanes46 and organosilanes31,32,47 provide safe
surrogates which proved efficient in SiNW growth.
Diphenylsilane is particularly attractive because of its safe
storage and handling under ambient conditions and its good
reactivity47 above 350 °C. Using diphenylsilane as a SiH4 surro-
gate adds several steps in the mechanism. We recently showed
that the well-known bimolecular disproportionation48 of
diphenylsilane yielding SiH4, following eqn (3)–(5), was sup-

plemented by a radical reaction34 starting with the thermal
homolytic breaking of diphenylsilane into a silylene double
radical and benzene (eqn (6)), even at 400 °C.

2SiPh2H2 , SiPhH3 þ SiPh3H ð3Þ

SiPh2H2 þ SiPhH3 , SiH4 þ SiPh3H ð4Þ

SiPh3Hþ SiPhH3 , SiH4 þ SiPh4 ð5Þ

SiPh2H2 ! SiPhHþ C6H6 ð6Þ
This decomposition process produces a slow in situ release

of SiH4, thereby avoiding the safety requirements associated
with shipping, storage and handling of this pyrophoric gas.
We developed on this basis a batch process in a closed reactor,
under 430 °C at 10–20 bar, to synthesize GtSi composites
using first standard gold seeds19 and then more sustainable
SnS seeds.42 However, since the growth process evolves hydro-
gen in eqn (1), the growth was limited by the high pressure of
this explosive gas, built-in over a few hours in the closed
reactor. In order to limit the risk, the reactor was equipped
with a spillway (Fig. S2) keeping the internal pressure below 10
bar. With a 300 mL reactor chamber, this amounts to 50 mmol
stored H2 in the pressure chamber (equivalent to 1.2 L at stan-
dard pressure and temperature). The gases slowly escaping via
the spillway are first diluted in a neutral gas and then evacu-
ated with an exhaust towards hood venting.

A water-cooled condenser prevents organosilane vapors
from exiting through the exhaust. However, SiH4 is a gas at
room temperature and may escape together with H2. Since
SiH4 is pyrophoric, there is a significant risk of ignition, pro-
ducing a bright white flame at the exhaust. Additionally, any
escaping SiH4 represents a loss in the reaction yield. It is thus
of prime importance to control the rate of formation of SiH4

Fig. 2 SEM images of battery-grade (a) and recycled (d) graphite and of n-GtSi (b and c) and R-GtSi (e and f) composites.

EES Batteries Paper

© 2026 The Author(s). Published by the Royal Society of Chemistry EES Batteries

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/4
/2

02
6 

9:
59

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6eb00002a


and to fit it with the rate of SiNW growth so that all SiH4 is
consumed in the reaction chamber. Unfortunately, the
thermal decomposition of diphenylsilane is little studied and
its dynamics is mostly undescribed.

Controlling diphenylsilane pyrolysis

The kinetics of diphenylsilane thermal decomposition was
thus studied independently. A constant amount of pure diphe-
nylsilane, phenylsilane or triphenylsilane was sealed in a glass
tube under vacuum and heated in a tubular furnace at 300 or
400 °C for different times, and then the composition in SiH4,
PhSiH3, Ph2SiH2, Ph3SiH and Ph4Si was determined by
1H-NMR (Fig. S1 and Tables S2–S4). The concentration profiles
over time were fitted (Fig. S8 and Note S1) with a chemical
dynamics model taking into account all phenyl-hydride
exchange reactions. Some benzene was detected at 400 °C in a
small amount so that the radical pyrolysis pathway of eqn (6)
was neglected in a first approximation. The rate and equili-
brium constants were determined from the best fit (Table 1).

The rate constants show a consistent increase in tempera-
ture of at least a factor of 20 between 300 and 400 °C. A rough
estimate by the Arrhenius law gives activation energies of 100
to 120 kJ mol−1, much lower than the C–Si bond energy of
318 kJ mol−1, in line with a concerted reaction pathway for the
disproportionation reaction (3), as proposed in the
literature.48–51 A closer look at the forward and reverse rate con-
stants at 400 °C (Table S5) shows that reactions involving
hydride release from SiH4 are slower than from phenylsilanes,
indicating that the phenyl moiety stabilizes the transition state.
This confirms the better reactivity of arylsilanes than alkylsi-
lanes in thermolysis reported in the literature.47,51 Inversely, the
reactions involving phenyl release from SiPh4 show faster rates,
probably due to the relaxation of internal steric hindrance.
Interestingly, the equilibrium of hydride-phenyl exchange at
400 °C appears to be displaced towards the production of SiH4,
which allows a good use of phenylsilanes as an in situ source of
SiH4. However, making SiPh4 is unfavorable both thermo-
dynamically and kinetically, which reduces the overall yield.

The pressure and temperature record in the reactor gives
access to n, the amount of gas in the chamber, produced
either by evaporation or by using a chemical reaction. During
SiNW growth, the pressure starts rising steadily during the
heating ramp from 200 °C (Fig. 3a), then it goes on increasing

at the temperature plateau. Since diphenylsilane decomposes
only in a few hours at 300 °C as shown above, we attribute the
fast pressure rise in the heating ramp to diphenylsilane evap-
oration. When the temperature reaches the plateau around
400 °C, the net gas production is attributed to simultaneous
diphenylsilane pyrolysis and SiNW growth. In the closed SiNW
growth reactor, these two successive phases appear as two sep-
arate peaks at 0.2 and 0.6 hours in the rate of gas production
as a function of time, dn/dt (Fig. 3b). The reaction shows a fast
decay, with dn/dt following an apparent power law in tα with α

= −1.5 to −2.2 for all records (Fig. 3c).
The reaction yield in the closed reactor is limited by the

built-in pressure of hydrogen as a by-product. Switching to a
half-open reactor (Fig. 3d & g) allows keeping a safer low inside
pressure so that the diphenylsilane loading and reaction time
could both be increased by a factor of 5 to 10. An increase in
temperature from 350 to 390 °C led to a rather small gain in Si
conversion yield from 16% to 20% (Fig. 3e and S9). However,
390 °C was found to be the upper limit because the high gas
production rate at the beginning of the reaction induced the
escape of SiH4 as a silica-producing flame through the exhaust.
Alternatively, the half-open reactor was operated with a slow
temperature ramp from 350 to 435 °C optimized to stabilize the
gas production rate dn/dt over several hours (Fig. 3g–i), thus
allowing a long SiNW production time without SiH4 loss.

Interestingly, when operating the half-reactor at constant
temperature, the reaction rate during the long temperature
and pressure plateau decayed slower than in the closed reactor
(Fig. 3e), dn/dt, following an apparent power law in tα with α =
−0.8 to −1.1 over several hours (Fig. 3f). This difference in
chemical dynamics indicates the detrimental effect of excess
hydrogen in the closed reactor. We already reported that the
presence of a non-reactive gas like argon can significantly
modify the rate of thermal decomposition of diphenylsilane.44

This effect is probably due to the non-ideality of the reactive
gases under growth conditions. A heavy gas with a behavior far
from ideality (see Note S2 and Table S6), diphenylsilane,
would show a significantly higher vapor pressure under a
global pressure of 10 bar (as in the half-open reactor) than at
20 bar (in the closed reactor), thus maintaining a higher avail-
ability of the silicon source. Avoiding high hydrogen pressure
in the half-open reactor would thus bring an additional advan-
tage in favoring the kinetics of silane production.

Table 1 Equilibrium and rate constants of the reactions of phenyl and hydride exchange between phenylsilane species at 300 and 400 °C

Reactions
Equilibrium constant Rate constant (L mol−1 min−1)

Temperature 300 °C 400 °C 300 °C 400 °C

2SiPh2H2 ⇔ SiPhH3 + SiPh3H 0.9 0.535 0.02 0.58
SiPhH3 + SiPh2H2 ⇔ SiH4 + SiPh3H 0.012 0.26
SiPhH3 + SiPh3H ⇔ SiH4 + SiPh4 ND 0.19
2SiPhH3 ⇔ SiH4 + SiPh2H2 0.2 11.8 0.001 0.51
SiPh2H2 + SiPh3H ⇔ SiPh4 + SiPhH3 ND 0.27
2SiPh3H ⇔ SiPh4 + SiPh2H2 ND 0.22 ND 0.033

ND: not determined.
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Scaling-up GtSi synthesis on new and recycled graphite

Overall, the gas spillway and the temperature ramp allowed an
increase in the amount of silicon and GtSi produced by a
factor of 25 (Fig. 4), while increasing the reactor volume only
by a factor of 2, thus maintaining a low risk with a constant
quantity of stored hydrogen. This very compact process repro-
ducibly yields 5 g of silicon as SiNWs in 25 g of GtSi composite
within a chamber of only 300 mL. The process improvement
also led to an increase in the yield of conversion of diphenylsi-
lane to 30–35%, close to the maximum theoretical 50% yield
for this reaction, following the global eqn (7). The yield
seemed to plateau around 35%, a result in line with our kine-
tics study showing that the formation of SiPh4 is thermo-
dynamically unfavorable (Table 1).

2SiPh2H2 ! SiNW þ SiPh4 þ 2H2 ð7Þ

The scaled-up process was successfully extended to recycled
graphite with a similar yield and mass (Fig. 4 and Fig. S10),
with no further optimization required. We inquired whether
the metal impurities present in recycled graphite (Table S1)

would compete with tin as seeds for the catalysis of diphenylsi-
lane decomposition or SiNW growth. Indeed, the main metal
impurities in recycled graphite are Ni and Al, known as
efficient seed metals for SiNW growth52 but at a much higher
temperature (>500 °C) than the 350–435 °C implemented here.
First, no significant difference was observed in the pressure/
temperature/reaction rate profiles for the R-GtSi and n-GtSi
synthesis, showing that the decomposition of diphenylsilane
was not affected. Second, the SiNW growth in the upscaled
conditions produced composites with slightly higher SiNW
diameters than in the closed reactor (Fig. S11). However, GtSi
composites produced at a large scale from new and recycled
graphite showed the same SiNW diameter distribution repro-
ducibly (Fig. S12), and the same Si/Sn mass ratio (Fig. 4).
Third, attempts to map Ni or Al by EDX in R-GtSi did not allow
spotting Ni- or Al-rich particles at the surface. Ni and Al were
only detected at low levels in random areas of the material.

Finally, the X-ray diffraction patterns of R-GtSi and n-GtSi
were recorded, refined and compared in detail (Fig. S13). The
diffractograms were very similar, showing well defined peaks,
among which all fitted in the tabulated patterns of graphite,

Fig. 3 GtSi growth dynamics in the closed (a–c) and half-open reactor (d–f ) at constant temperature and in the half-open reactor under a tempera-
ture ramp (g–i). (a, c and g) Temperature and pressure vs. time during GtSi synthesis. (b, e and h) Time derivative of the molar quantity of gas, dn/dt,
in the chamber as a function of time t, for three equivalent experiments (b) or at different temperatures (e). In (e and h), the reaction rate was
measured by temporarily closing a valve to the spillway for 60 s to measure the pressure rise. (c, f and i) Same data as in (b, e and h) on a log–log
scale and linear regression lines.
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silicon or tin. The 7 well separated Si peaks of R-GtSi had a
peak width consistently larger by 14% as compared to n-GtSi,
probably due to a slight difference in average SiNW size distri-
bution (Fig. S12). The graphite pattern of R-GtSi showed the
same (0,1,0) and (1,1,0) reflections as n-GtSi, while all (h,k,l)
reflections with a non-zero l parameter had a significantly
lower intensity. This is consistent with an equal lattice dis-
tance as reported earlier,29 but a slightly increased disorder of
graphene layer stacking in the recycled graphite. As for tin, a
dozen reflections were observed with a similar intensity and
peak width for n- and R-GtSi, indicating no change in the seed
phase. As a conclusion, although metal impurities brought by
the recycled graphite are clearly present in R-GtSi, they do not
produce detectable effects, neither in the reactivity nor in the
structure of R-GtSi.

In the scaled-up synthesis, the reaction yield was noticeably
limited by the diffusion of reactive gases towards the seeds on
the graphite powder surface. This diffusion limitation in
porous substrates of more than a few millimeter thickness was
already observed in our previous studies,53 which demon-
strated significantly increased SiNW diameters inside the
porous matrix as compared to the surface. To limit this effect,
the graphite powder was thus spread as <0.5 cm thick layers
on a dozen aluminum foil squares (Fig. S2) to favor gas
diffusion. The growth yielded blocks of compact GtSi compo-
sites in which dense intertwined SiNWs brought cohesion
between neighboring graphite grains (Fig. S14). Such limit-
ations are solved at the industrial scale by fluidized bed pro-
cesses or rolling containers.54

Anode roll-to-roll fabrication, LIB assembly and test

With the aim to demonstrate the performance of the GtSi com-
posites in LIBs, thick electrodes were coated in a roll-to-roll

coating process with an areal capacity of 4.2 mAh cm−2 or a
loading of 4.5 mg cm−2. At the cathode side with a high nickel
content NMC811 material, the corresponding loading is 21 mg
cm−2 and the cells have a final balancing of 1.03. The GtSi
electrodes were coated with a composite proportion of 90% in
the negative electrode formulation and with a width of 7 cm. It
also contains 5.8% of binder and 4.2% of 3 different electronic
conductive additives for a slurry solid content of 23.5% by
weight. The electrodes are suitable at the end of the dryer on
the coating machine without any cracks (Fig. 5a). They were
pressed down to a thickness of 44 μm to reach a density of
1.35 g cm−3 before being assembled in SLP cells. The anode
specific capacity is 855 mAh g−1 and 1155 mAh L−1, based on
the total content of the anode layer (GtSi composite, conduc-
tive additives and binder). The volume specific capacity is
higher by a factor of 2 compared to a standard graphite anode
and 50% higher than the last generation of the silicon-based
anode. The performance at the first three cycles with a C-rate
increase is presented in Fig. 5b and Fig. S15. The SLP contain-
ing the n-GtSi composite shows a significantly higher initial
coulombic efficiency of 85.0% in comparison with 80.5% for
R-GtSi in accordance with the results in half-cells. The struc-
tural irreversibility of the positive electrode is added to the irre-
versibility associated with the solid-electrolyte interface (SEI) at
the negative electrode. The n-GtSi composite SLP demonstrates
a higher initial capacity with an energy density of the cell
electrochemical core of 984 Wh L−1 (see Table S7 for calcu-
lation parameters) that decreases during subsequent cycles
mostly due to the increased C-rate while the coulombic
efficiency increases.

During cycling at C/3 with a check-up at C/10 every 21
cycles, the coulombic efficiency stabilizes at around 98.8 and
98.2% for n-GtSi and R-GtSi composites respectively during

Fig. 4 Improving GtSi mass production (dotted line) and Si conversion yield (continuous line) with reactor design and the optimized temperature
regime in a series of 10 syntheses. Samples of n-GtSi are denoted in black and R-GtSi in green. For each product, the bar plot reports the GtSi
weight content in Si (empty bar), Sn (grey bar) and O (striped bar), the remaining being C.
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the initial cycles before decreasing (Fig. 5c). The acceleration
should be due to the significant swelling of the pouch cell,
which was further investigated by operando thickness measure-
ment (Fig. 5d) coupled to electrochemistry. The anode porosity
was then calculated assuming that cell swelling was due
mostly to anode swelling, as is usually the case in silicon-rich
cells (Fig. 5e). The fast increase to 57% and 63% porosity for
n-GtSi and R-GtSi, respectively, in 11 cycles probably leads to
the absorption of the electrolyte, the formation of a new SEI
and particle disconnection from the electronic network.
Indeed, the percentage loss of charge capacity (empty symbols)
correlates remarkably well with the increase in porosity,
plotted as dotted lines, for both n-GtSi and R-GtSi electrodes.
Our previous work on GtSi composites with thinner SiNWs
highlighted the buffering effect brought by graphite,19 which
reduced the Si-rich anode swelling considerably as compared
to carbon black-SiNW composites. This volume-change
buffering proved less effective with SiNWs of larger dia-
meters44 as synthesized here, probably because of a lower

Fig. 5 Electrochemical and mechanical tests in LIBs for n-GtSi (blue diamonds) and R-GtSi (green squares). (a) The R-GtSi electrode at the end of
the coating machine. (b and c) Electrochemical evaluation of electrodes in SLP cells (b) during the formation step and (c) during cycling at C/3 with
capacity retention (full symbol) and efficiency (open symbol). (d) Swelling of SLP cells during cycling under a constant pressure of 0.5 MPa; (e)
corresponding anode porosity in the discharged state (full symbols) and the loss of charge capacity (empty symbols) as a function of cycle number.
The dotted lines show the anode porosity increase, after subtraction of the porosity before cycling.

Table 2 Inventory data related to the lab-scale assembly of a 40 mAh
pouch cell

Si-NMC pouch cell composition Quantity Unit

Inputs
Aluminium collector 0.168 g
NMC811 cathode slurry 0.217 g
Copper collector 0.427 g
R-GtSi anode slurry 0.056 g
Separator 0.013 g
Electrolyte 1 g
Plastics 0.600 g
Aluminium pouch 0.130a g
Electricity 0.059b kWh
Heat 0.001a MJ
Outputs
Pouch cell 1 Piece
Solid waste 0.112 g

a Secondary data.58 b Secondary data.57
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inter-nanowire porosity. The significantly higher swelling of
R-GtSi as compared to n-GtSi may indicate that recycled graph-
ite has a lower ability to absorb mechanical pressure, possibly
due to a lower or filled internal porosity. While the composite
electrodes present huge volume capacity associated with a suit-
able initial coulombic efficiency, the high specific surface of
the nanostructure probably induces the low coulombic
efficiency upon cycling. A coating to embed the silicon nano-
wires and a more effective binder to absorb the mechanical
constraints, as reported for other GtSi materials in the
literature,5,17,55 should be an efficient way to achieve long
capacity retention.

Life cycle analysis

Life cycle inventory data for 40 mAh single-layer pouch cell
production and for R-GtSi synthesis are reported in Tables 2
and 3, respectively. Since no dataset for SiPh2H2 was available
in Ecoinvent and the related inventory could not be modelled
from primary or literature data, silane (SiH4, also known as
silicon tetrahydride) was used as a proxy, as it represents a
similar silicon precursor. This proxy seems adequate since
many industrial processes for nano-silicon synthesis (by
Nanomakers, France, OneD and Amprius, USA) rely or have
long relied on silane as a precursor. Data for recycled graphite
were adapted from Rey et al.,56 describing a leaching and fil-
tration recovery route from spent LIB anodes. The unit process
representing the mixing and feeding of electrolytes (DMC,
EMC, EC, LiPF6, and some additives) was adapted from
Chordia et al.57 Electricity use was modelled using the
European grid mix, reflecting the laboratory location. The
energy demand for cell assembly was adapted from industrial
LIB data, assuming similar processing steps. The small
amount of solid residue was modelled as non-hazardous
waste.

The cradle-to-gate environmental impacts associated with
the production of the pouch cell and the synthesis of R-GtSi
composites are shown in Table 4. Fig. 6 presents the contri-
bution analysis, according to which the copper current collec-

Table 3 Inventory data related to the lab-scale synthesis of 1 g of GtSi
composite with recycled graphite

R-GtSi composite Quantity Unit

Inputs
Catalyst (SnO2) 0.08 g
Recycled graphite 0.8 g
SiH4 0.38 g
Electricity 0.22 kWh
Outputs
R-GtSi 1 g
Solid waste 0.18 g
H2 0.0284 g

Table 4 Environmental indicators related to the synthesis of 1 g of R-GtSi composite and the production of a Si-NMC pouch cell at the lab-scale

Environmental indicator Si-NMC pouch cell 1 g of R-GtSi Unit

Acidification 5.36 × 10−4 1.82 × 10−3 mol H+ eq.
Climate change 5.07 × 10−2 3.84 × 10−1 kg CO2 eq.
Particulate matter 2.61 × 10−9 1.41 × 10−8 Disease inc.
Resource-use and fossils 8.96 × 10−1 5.70 MJ
Resource-use, minerals and metals 3.96 × 10−6 2.15 × 10−6 kg Sb eq.

Fig. 6 Contribution analysis related to the cradle-to-gate LCA of a Si-NMC pouch cell (left) production and 1 g of R-GtSi composite synthesis
(right) at the lab-scale.
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tor accounts for 47% of acidification and 81% of resource use,
minerals and metals, mainly due to the energy- and emission-
intensive processes involved in copper extraction and refining,
while electricity consumption dominates climate change
(38%) and resource use and fossils (50%). The electrolyte also
shows a significant contribution, although this is likely overes-
timated due to the non-optimized quantities typical of lab-
scale assembly.

After identifying the main contributors at the cell level, the
analysis concentrated on the R-GtSi composite synthesis. The
GtSi-based anode is a minor contributor to the overall cell
impacts, yet the GtSi synthesis process (Fig. 6) highlights a sig-
nificant contribution to the composite impacts from SiH4

(over 70% in all categories except for resource use, minerals
and metals) and electricity consumption, reflecting the energy-
intensive nature of silane production and the low process
efficiency typical of laboratory-scale operations. These impacts
could be reduced through materials and energy optimization
and the use of Si waste from the photovoltaic industry for
direct SiNW growth.4 Reduced silicon could not be directly
recycled from spent LIBs due to its transformation into an
ultra-porous foam during cycling.59 However, recycled sources
of reduced silicon are now more available from the disman-
tling of end-of-life solar panels.60 Several teams already
reported turning solar panel Si into nanoparticles61–63 or nano-
wires4 for LIBs, although the energy consumption must still be
improved. Alternatively, recycled Si could be used instead of
metallurgical Si for the synthesis of silane reagents with a
lower environmental impact. The catalyst mainly drives
resource use, minerals and metals, while the recycled graphite
shows minor impacts.

Conclusion

This study demonstrates the feasibility and relevance of
upgrading recycled graphite into high-performance GtSi
anodes using scalable and industrially relevant processes. The
roll-to-roll battery fabrication and test reported in this paper
highlighted the very high energy density that could be
obtained with GtSi composites derived from recycled graphite,
coupled with a remarkably low irreversible capacity in the first
cycle. Through optimized binder formulations and conductive
additive selection, the GtSi anodes achieved a volumetric
capacity of 1150 Ah L−1, corresponding to a twofold increase
relative to conventional graphite anodes while remaining com-
patible with practical areal capacities. Although long-term
capacity fading can be mitigated using surface coatings such
as carbon or titanium oxide, as reported in the literature, these
strategies were beyond the scope of the present study.
However, the high reliability of these scaled-up battery tests
enabled the identification of a small but systematic difference
in cycling stability between recycled- and new-graphite-based
GtSi. In-depth analysis of the behavior of the cell and its com-
pounds led to the conclusion that the main cause of this faster
decay was uncompensated anode swelling due to silicon

volume changes during cycling. We hypothesize that recycled
graphite presents lower available internal porosity than new
graphite and thus a lower ability to buffer silicon swelling.

Beyond electrochemical performance, the scale-up of the
GtSi synthesis offered opportunities for both a safety analysis
of gram scale silicon growth and a life-cycle analysis of nano-
silicon manufacturing. Diphenylsilane, as a surrogate for
silane SiH4 via in situ thermal decomposition, is demonstrated
here to be a safe reagent for growing large quantities of
silicon, provided the risks associated with H2 evolution,
together with traces of pyrophoric silane or organosilane
vapors, are carefully assessed. The kinetic and thermodynamic
parameters reported here offer a quantitative basis for
predicting reaction behavior and defining safe operating
windows for any phenylsilane- or diphenylsilane-based reac-
tion processes.

Clear and transparent life cycle inventories for R-GtSi com-
posites and pouch cell production at the lab scale have been
presented, which address the need for filling data gaps in LCIs
and LCAs in the battery field. Looking at the LCIA results, the
main contributors to the pouch cell’s impacts are electricity
consumption and the copper collector. Meanwhile, the life
cycle analysis of the reported R-GtSi composite identifies SiH4

as the main contributor, which stems directly from the high
thermodynamic cost associated with Si reduction. Taken
together, these results highlight the potential of combining
material recycling, scalable silicon growth, and realistic cell-
level validation. Overall, this work establishes recycled-graph-
ite-based GtSi as a technically viable and scalable anode
material, helping bridge the gap between laboratory inno-
vation and industrial battery manufacturing.
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