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ARTICLE INFO ABSTRACT

Keywords: Producing hard carbon from lignocellulosic biomass has been the focus of recent studies as a promising source of

Driftwood o anode material for Na-ion batteries. Woody biomass is a potential source, but it is already well valorized.

gygrotkl:ennal carbonization Consequently, river driftwood can be an excellent alternative, especially since it is a disturbing waste for dam
ydrochar

regulators. It can jeopardize dam safety, damage intake works, and sink in reservoirs, lowering water quality and
decreasing reservoir volume. We examine the potential of river driftwood as a source of hard carbon for Na-ion
batteries. Hydrothermal carbonization (HTC) was carried out at temperatures between 180 and 220 °C as the
first step to produce hydrochar followed by an upgrading pyrolysis step at 1400 °C under an inert atmosphere to
obtain hard carbon. We investigated the effect of HTC operational conditions and driftwood biomass (genera) on
hydrochar and hard carbon properties, as well as the latter’s impact on Na-ion batteries. The produced carbon
electrodes delivered a reversible capacity of 270-300 mAh-g for the first cycle and showed high coulombic
efficiencies of 77-83%. We also observed promising cyclability of a maximum 2% loss after 100 cycles. More-
over, results suggest that obtained hard carbon can compete with commercial materials and is capable to supply
large battery factories with anode material.

Hard carbon
Na-ion batteries

1. Introduction increasing number of consumer products, such as electric vehicles,

mobile phones and laptops, are powered by electricity, with increasing

The energy demand continues to rise steadily and globally, with a
consequent rise in energy-related carbon emissions. The energy industry
faces hence the challenge to cope with the increasing demand for energy
and at the same time to reduce the energy-related greenhouse emissions.
This development validates the current shift toward renewable energy
sources, such as wind, solar and hydropower. The variability and
unpredictability of these sources impose a need for energy buffers that
can guarantee electrical grid stability for consumers. Chemical storage
in the form of batteries provides one of these possibilities. Nowadays, an
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demand for storage in the form of batteries, most notably Li-ion batteries
[27].

The increase in demand is principally due to the rapid growth of
electric vehicles sales, which currently account for 64% of the total Li-
ion battery market and will grow to 90% in 2030 [31]. This growth
resulted in a significant increase in the cost of raw materials for Li-ion
batteries, sparking interest in Na-ion batteries because of their widely
available and cheaper resources [56]. As graphite poorly reacts with Na
ions, the most commonly used negative electrode material (anode) is
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hard carbon. Hard carbon provides high storage capacity and cycling
stability [11]. However, it is generally produced from fossil and
expensive polymer precursors with a price per kg two to three times
higher than graphite [37]. The high price is one of the most significant
barriers to the widespread commercialization of this battery technology.
In this regard, bio-based precursors appear to be of great interest for the
production of these types of materials, especially if these precursors are
underutilized.

Hard carbon can be produced from different types of materials
including waste material, as different as Old-loofah [55], cigarette butts
[16], and lignocellulosic biomass. Hard carbon material is derived
through thermochemical processing, commonly by two steps [34]. The
first step leads to the production of char material using either pyrolysis
(typically around 500 °C) or Hydrothermal Carbonization (HTC) fol-
lowed by a second upgrading pyrolysis step at high temperature (typi-
cally 900-1500 °C) [27].

Most studies on lignocellulosic biomass have adopted the more
mature technology of one pyrolysis step, such as date palm [18] and
pinecone [57]. On the other hand, an increasing number of studies is
investigating the use of HTC as a first step, followed by pyrolysis such as,
holly leaves [59] and peanut skin [47].

Recent studies have demonstrated that hard carbon obtained using
HTC as a first step has a significantly better anode performance in Na-ion
batteries when compared to pyrolysis. However, there is no agreement
in the literature in the explanation behind it [27]. Wang et al. [47]
attributed the enhanced initial capacity when HTC is used in hard car-
bon derived from peanut skin to the presence of significant micropores
and mesopores. Zheng et al. [59] found that the higher microporosity
introduced by HTC played an important role in enhancing its electro-
chemical performance of hard carbon derived from holly leaves. In
addition, HTC is known to partially remove inorganic elements con-
tained initially in the feedstock [19], which could explain the enhanced
performances in Na-ion batteries. Indeed, a study by Saavedra Rios [35]
found that high ash content, and especially the content of some specific
inorganic elements, such as Si, and Ca, seem to impact battery perfor-
mances. Similarly, a study by Susanti et al., [46] showed the positive
effect of ash removal by acid pretreatment in the resulting hard carbon
performances in Na-ion batteries.

This background shows the importance of finding low cost, highly
available and low-ash-content biomass precursors to obtain affordable,
efficient and sustainable hard carbon anodes.

The construction of an impounding structure across a valley in-
terrupts the natural catchment fluxes that include the transport of wood
recruited in the river slopes and conveyed by the river channel network.
Driftwood hinders water abstraction from dams for human consump-
tion, irrigation, and hydro-power generation. The driftwood accumu-
lates upstream of these structures, with consequences to the safety and
operation of their ancillary works. Furthermore, driftwood can sink to
the reservoir’s bottom, affecting water quality and reducing available
volume for water storage. The extracted driftwood is a burden for dam
regulators and is underused, often processed by combustion or dumped
in landfills [1]. The accumulation of river driftwood upstream of dams is
reported in many parts of the world with volumes up to millions of cubic
meters, as the 2.2 million m? reported in Bratsk, Russia [21].

River driftwood has similar properties to classical wood but with the
advantage of naturally gathering in a few collection points (dams and
river singularities), facilitating its extraction. As shown above, river
driftwood is currently often extracted upstream of dams and underused
as a resource. However, driftwood is immersed in water and therefore is
collected with a moisture content of around 60%, complicating its
processing via thermochemical processes given the drying energy and
cost needed [1]. For such wet biomass, HTC is a favorable option for
char production since the process takes place in water and therefore
benefits from the water content of the material.

To our knowledge, neither the behavior of river driftwood during
HTC nor its conversion to hard carbon and use in Na-ion batteries have
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been studied before. Moreover, the impact of HTC operational condi-
tions on hard carbon has never been extensively studied. Here, we
intend to fill in this gap via an interdisciplinary study covering the whole
value chain from hydrochar production from river driftwood to con-
version in hard carbon and use in Na-ion battery. The river driftwood is
collected upstream of the Génissiat dam, located on the Rhone River in
France, where every year 2234 m® is extracted. We discuss the potential
of this value chain in terms of Na-ion battery factory supply by river
driftwood.

The paper is hence three folded. At first, we examine hydrochar
production and properties related under different HTC operational
conditions (temperature, residence time) and for various river driftwood
biomass genera (Conifer, Salix, Fraxinus, Populus and Alnus). Secondly,
we provide an extensive physico-chemical characterization of the pro-
duced hard carbon. Lastly, we investigate the electrochemical perfor-
mance of obtained hard carbon in Na-ion batteries, and we discuss the
possible supply of battery factories by river driftwood.

2. Materials and methods
2.1. Case study

The Génissiat dam is located on the Rhone River in France, 50 km
downstream from Geneva (Switzerland) and 160 km upstream from
Lyon presents a case study where annually approximately 1300 tons of
driftwood is extracted. The dam forms a reservoir stretching 23 km to
the Swiss border. Lake Geneva (Lac Léman) impedes the transfer of
wood and sediments from the upper Rhone to the dam. Yet, driftwood at
Génissiat is supplied mainly during floods along the Rhone River and its
two main tributaries downstream of Lake Geneva: The Arve and Val-
serine Rivers.

Floating wood blocked upstream of Génissiat dam usually has been
in the water for a few weeks. Floating driftwood must be extracted
mechanically to prevent sinking into the bottom of the reservoir. The
sinking of wood can lead to significant accumulation posing safety and
ecological risks. At Génissiat dam, the extracted driftwood is stored in a
facility nearby the dam and later is used for energy production.

The average driftwood volume extracted annually over nine years
from the dam based on Gouton [15] in the period between 2011 and
July 2019 is an annual average of 2234 m® (maximum of 5234 m?
minimum 700 m>) of driftwood. For further details on the case study see
Qatarneh et al. [32].

2.2. Feedstock

The sampling was conducted at the storage facility near to Génissiat
dam. Briefly, five genera of driftwood were identified based on wood
anatomical characteristics, i.e., cell patterns and wood features of pol-
ished samples using a microscope [39]. Identified genera were Conifer,
Salix, Fraxinus, Populus and Alnus. Alnus driftwood samples were used to
investigate the impact of operational conditions (residence time and
temperature). The selection of Alnus is due to their high frequency in the
Génissiat dam [15]. Conifer, Fraxinus, Populus, Salix, Alnus and Alnus
bark were used to investigate the impact of driftwood composition on
HTC. All driftwood samples were milled below 1 mm and dried at 105 °C
for at least 24 h. As mentioned above, in an HTC process, such drying is
not required and was carried out here to make the comparison easier
between samples when keeping a constant feedstock/water ratio. The
macromolecular composition of driftwood biomass is shown in Table 1
derived from Qatarneh et al. [32]. The comprehensive physicochemical
properties of the feedstock have been measured in a previous study by
Qatarneh et al. [32].
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Table 1
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Macromolecular composition (%) of driftwood biomass collected from Génissiat dam based on dry basis.

Genus Cellulose Hemicelluloses Lignin (%) Extractives (%)
Klason Soluble Total Total
Conifer 40.4 £ 0.2 29.3 + 0.1 27.4 + 0.2 0.2 + 0.0 27.7 £ 0.2 2.9 + 0.0
Fraxinus 41.0 £ 0.3 26.5 + 0.5 23.8 + 0.3 2.9 + 0.0 26.8 +£0.3 3.3+ 0.0
Populus 439 +£0.2 22.5+ 0.2 23.1 +0.1 2.0 +0.0 25.1 £0.1 4.8 + 0.0
Salix 39.6 £ 0.0 21.4+0.4 27.1 £ 0.1 2.2+0.0 29.2 £ 0.1 54 +0.0
Alnus 43.9 £ 0.5 26.7 + 0.8 22.0 +1.1 2.9 +0.0 24.9 + 0.0 3.4+ 0.0
Alnus bark 16.3 +£ 0.3 20.6 + 0.0 43.6 £ 0.1 1.2+ 0.0 44.8 £0.1 8.9+ 0.3

2.3. Hydrochar via HTC

2.3.1. Experimental setup and procedure

HTC experiments were conducted in the 2 L high-pressure reactor
(Parr series 4530 floor stand reactor). For each experiment, 65 g of
driftwood was mixed with 1300 g of deionised water to obtain a solid to
water (B/W) ratio of 0.5% following Yang et al. [54] and was then fed
into the reactor. The B/W ratio was chosen to facilitate feeding and
emptying the reactor and later hydrochar filtration. After that, the
reactor was sealed and purged with N5 for 2 min to remove the residual
air. The reactor was then heated to the pre-set temperature (180, 200,
220 °C) for the desired residence time (4, 6, 12 h), which includes 30
min of heating at a rate of 2-3 °C.min"l. At the end of the experiment, the
reactor was left to cool down without intrusion. The pressure value in
the reactor during the experiments was always higher than the satura-
tion pressure. As a result, the water stayed in the liquid phase during the
test.

The experiments were divided into two sections: impact of opera-
tional conditions, and impact of genera. Table 2 shows a summary of the
operational conditions (temperature and residence time) for conducted
experiments based on the genera and the associated pressure developed
in the reactor. HTC was carried in duplicates and average. Hydrochar
samples produced through HTC of driftwood were denoted as genius-
temperature-residence time; for example, the Alnus sample prepared at
180 °C with a residence time of 4 h was labeled as Alnus 180-4. All the
experiments were carried out in duplicates to obtain average values.

2.3.2. Mass and carbon balance

Gaseous products were released at the end of the experiment, and
two samples of the produced gas were taken for analysis. Additionally, a
liquid sample of approximately 75 g was collected for further analysis.
The liquid-hydrochar mixture was then separated by filtration using
three sieves (100, 45 and 20 pym) followed by washing the hydrochar
with deionised water several times to remove impurities. The collected
hydrochar was then dried in an oven at 105 °C for 24 h. All experiments
were carried out in duplicates to obtain average values and ensure the
reproducibility of the results.

The hydrochar mass yield was calculated based on the ratio between
the mass of hydrochar obtained and the mass of biomass on a dry basis
(db). Collected gas samples were analyzed in a gas chromatograph (GC)
(SCION,456-GC) to identify the gas composition. The temperatures of
the column oven, injector port, and were 30, 75, and 120 °C,

Table 2
Operational conditions used for HTC of the different driftwood genera.

Biomass Temperature (°C) Residence Time (h) Pressure (bar)
Alnus 180 4,6 and 12 11
200 4,6 and 12 16
220 4,6 and 12 25
Conifer 200 12 16
Fraxinus 200 12 16
Populus 200 12 16
Salix 200 12 16
Alnus bark 200 12 16

respectively. The total gas mass produced was calculated following the
ideal gas law and based on the pressure and the temperature when the
samples were taken from the reactor and a vacant volume of 0.7 L. The
gas yield was then calculated based on the ratio between the mass of gas
obtained to the mass of biomass based on a dry basis. The estimation of
the gas mass yield and carbon yield entailed an estimation of the vacant
volume.

Total Organic Carbon (TOC) value of the produced liquid was
measured. For each HTC run, the liquid obtained was ten times diluted
in duplicates to obtain average values. TOC-V (Shimadzu) analyzer was
used to measure the dissolved organic concentration in liquid samples
using combustion methods at temperature 720 °C. The liquid yield was
estimated based on the difference between the mass of biomass based on
a dry basis and the hydrochar and gas yields. The carbon content in the
liquid phase was calculated based on the TOC concentration, anda 1.3 L
volume (water volume). This approximation could have impacted the
final mass yield with around £ 0.4% based on an assumption of 500
kg-m™ for hydrochar density. Carbon balance was developed based on
the following equations.

Croar = Chiyarochar + Ccas + Cliquia
C _ C’lbzal
Recovered = A
CBinma.ss

2.3.3. Hydrochar characterization

Elemental composition (C, H, N, and S) was carried out following
UNI 15104:2011 standard. Ash content was measured following UNI
14775:2010 standard. O was calculated based on difference. All mea-
surements were done in quadruple for each hydrochar to obtain average
values and to measure standard deviation.

Morphology of raw biomass and produced hydrochar were visual-
ized with a scanning electron microscope (SEM). Each sample was
coated with three layers of gold and platinum. Results obtained by SEM
should be interpreted with caution since they were based on analyzing a
small number of particles.

2.4. Hard carbon

2.4.1. Hard carbon production via pyrolysis

Between 5 and 9 g of hydrochar were placed in an alumina crucible
and heat-treated for 1 h at 1400 °C, in a high-temperature oven. The
selection of 1400 °C was based on previous research by Saavedra Rios
et al. [36]. The treatment was done under an inert atmosphere (Ar,
15 L-h'l) using a heating rate of 3.3 °C.min"! (200 °C-h"1). After treat-
ment, the oven was set to cool down under argon until ambient tem-
perature. Argon atmosphere was selected in order to assure an inert
atmosphere at high temperatures and to avoid any possible N doping (as
in the case of the N3 atmosphere). The obtained powder was manually
ground to obtain homogeneous particle size.

2.4.2. Hard carbon characterization

Scanning electron microscopy (SEM) images were obtained with a
FEI Quanta 400 scanning electron microscope with a high-resolution
low vacuum field emission gun (FEG).
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The structure of the hard carbons was analyzed by several tech-
niques: Raman Spectroscopy, X-Ray diffraction (XRD) and High-
Resolution Transmission Electron Microscopy. Raman measurements
were performed at room temperature using a LabRAM BX40 (Horiba
Jobin-Yvon) spectrometer equipped with a He-Ne excitation source
(532 nm wavelength). XRD analysis was performed using a D8 Advance
Bruker AXS diffractometer with a copper cathode (A\Ka = 15,418 [o\). The
20 angle was varied from 5° to 80° using a step size of 0.05° and a
counting time of 1 s. TOPAS software was used for the fitting of the
patterns. HR-TEM images were obtained with a JEOL ARM-200 F in-
strument operating at 200 kV.

The textural properties of the hard carbons were studied with a
Micromeritics ASAP 2420 instrument using both Ny (77 K) and CO,
(273 K) gases as adsorbates. Prior to analysis, the samples were out-
gassed for 12 h at 300 °C on the degassing ports and two additional
hours on the analysis ports (300 °C). For each material, the Bru-
nauer-Emmett-Teller (BET) specific surface area (SSA) was determined
from the linear plot in the relative pressure (0.05-0.3) P/P, for N and
(0.01-0.03) for COo.

The chemical composition was assessed by Energy-dispersive X-ray
spectroscopy (EDX) using a JED 2300 detector attached to an FEI Quanta
400 scanning electron microscope.

2.5. Na-ion batteries electrochemical performances

The electrochemical performances were investigated by galvano-
static cycling tests following the protocol described hereafter. Hard
carbon was ground with a mortar below 100 um before being used for
electrode preparation. A slurry ink was made, composed of 90 wt% of
hard-carbon active material, 5 wt% of carbon black C65 from IMERYS as
a conductive additive and 5 wt% of PolyVinilydene DiFluoride (PVDF
from Solvay) as the binder, in N-Methyl Pyrrolidone (NMP from Sigma
Aldrich), It was then coated, using a doctor blade, onto an aluminum foil
and dried at 55 °C overnight. Finally, it was cut into 14 mm diameter
electrodes and dried under vacuum at 80 °C for 2 days.

Then, coin cells (CR2032) were assembled in an argon glove box
using Na metal as a counter electrode. A CELGARD® 2400 membrane
was used as a separator and a VILEDON® membrane was used to ensure
electrolyte’s accessibility. 150 pL of electrolyte was used. The latter is a
solution of 1 M NaPF6 in ethylene carbonate (EC) with dimethyl car-
bonate (DMC) in a 1:1 vol ratio and addition of 1.5 wt% of fluoro-
ethylene carbonate (FEC).

The cycling tests were performed using an Arbin Instruments battery
cycler. The cells were cycled at a current density of 37.2 mA/g (C/10)
during 5 cycles, and then at 372 mA/g (1 C) until the 100th cycle. We
considered a theoretical capacity of C = 372 mA-gl. Reduction (Na
uptake in hard carbon)—oxidation (Na extraction from hard carbon)
cycles ran between 3 V and 10 mV. At the end of each reduction, the cell
was set to a constant voltage step of 10 mV. At least two-coin cells were
tested for each hard carbon sample to check the repeatability of
measurements.

3. Results and discussion
3.1. Conversion of river driftwood to hydrochar

3.1.1. Mass balance

Fig. 1 shows the mass yield (%) for hydrothermal carbonization. As
expected, the predominant product of HTC was hydrochar in all ex-
periments, whatever the studied operational conditions (temperatures
and residence time) and wood genera.

These results are consistent with HTC experiments on wood at tem-
peratures of up to 220 °C by Kang et al. [20]. For operational conditions
experiments, hydrochar yield range was from 69% at 180-4 t048% at
220-12. In agreement with the literature, the hydrochar yield decreased
with residence time and temperature under the conditions tested, and
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the impact of temperature over the hydrochar yield was higher than the
impact of residence time [29]. Indeed, at a relatively low temperature of
180 °C, HTC is known to degrade mostly hemicelluloses and limitedly
degrade cellulose and lignin. The increase in temperature above 180 °C
allows for more significant degradation of cellulose and an increase in
the formation of secondary hydrochar, i.e., hydrochar produced by the
degradation of liquid products from hydrolysis of wood.

Among genera, hydrochars yields vary significantly from 64% for
Fraxinus to 69% for Alnus bark. This variation could be attributed to
their macromolecular composition and ash leaching behavior. The high
mass yield of Conifer compared to other deciduous wood can be
explained by the composition of coniferous wood in general. Coniferous
wood has been shown to have a higher lignin content compared to de-
ciduous wood [32,42]. Klason lignin, in particular, is stable during HTC
and requires high reaction severity with temperatures of approximately
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Fig. 2. Relationship between Klason-ligin and mass yield based on free
ash content.
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280 °C to degrade [20]. Fig. 2 shows the relationship between
Klason-lignin ash free content with mass yield. Higher Klason lignin
content led to a higher mass yield. The higher mass yield in coniferous
supports Wilk et al. [51] study on the behavior of Acaia (deciduous) and
Pine (coniferous) during HTC.

The gas product in both sets of experiments was significantly COy
(99%) as reported also by Basso et al. [2]. The absence of other gaseous
compounds, such as CO and CH4 eliminates the need for advanced gas
treatment to comply with local regulations when large installations are
considered. At different operational conditions, the CO, yield varied
between 1% at 180 °C regardless of the residence time and 3% at 200-12
and 220-12. CO2 production at a lower temperature of 180 °C was
hardly impacted by the residence time. At a higher temperature of 200
and 220 °C, the increase in residence time led to an increase in the
amount of gas produced while increasing temperature from 200 and
220 °C had a low impact on the gas produced.

Different driftwood genera led to significantly low CO, production
and ranged from 1% for Conifer and Fraxinus to 3% for Alnus and Alnus
bark. The relatively higher production of CO could be attributed to a
relatively higher partial elimination of mainly carboxyl groups to CO5 in
Alnus and Alnus bark [12,26].

The liquid mass yield was calculated, as explained in the materials
and methods section, based on the difference. For operational conditions
experiments, it accounts for 30% at 180-4 t049% at 220-12 of the total
mass. As for the different driftwood biomass, the liquid mass yield was
between 28% for Alnus bark and 34% for Fraxinus. The variation in
liquid product yields among the studied operational conditions and
genera can be attributed to their hydrochar mass yields. As the pro-
duction of hydrochar increased, liquid production decreased. It is
important to highlight that the produced liquid product is not a waste
product and can be recycled leading to a higher hydrochar yield and C
content [22,53]. Also, recycled liquid can be used for energy recovery by
anaerobic digestion [28] or applied as a soil amendment [49].

3.1.2. CHONS composition and ash content

The CHONS composition and ash content of Alnus [32] and the
hydrochar derived from HTC at different operational conditions are
provided in Table 3. The physico-chemical characteristics of the various
driftwood biomass [32] and the derived hydrochar obtained from HTC
at a temperature of 200 °C and a residence time of 12 h are provided in
Table 3. Standard deviations are provided when applicable. All mea-
surements are based on a dry mass basis.

As expected, the increase of residence time and temperature led to an
increase in C content compared to the raw biomass with values ranging
from 49.9% for Alnus 180-6 to64.8% for Alnus 220-12. The obtained C
content values correlate well with the C content of other hydrochars
derived from woody biomass, which is usually in the range of 45-70%
based on HTC reaction severity (temperature and residence time) [38,
58].

H content decreased relatively from the original 6.5% present at the

Table 3
CHONS composition and ash content on dry basis of Alnus and hydrochars
derived following HTC.

Sample Ash (%)  Elemental content (%-dry) Atomic ratio
C H N (6] H/C 0o/C
Alnus oy 0.8 48.840.1  6.5+0.0 0.1+0.0 438 1.6 0.7
180-4 0.2 51.240.4 6.1+0.0 0.3+0.0 422 1.4 0.6
180-6 0.2 49.941.6  6.240.0 0.2+0.0 435 15 0.7
180-12 0.2 52.54+0.4 6.0+0.0 0.2+0.0 41.1 1.4 0.6
200-4 0.2 52.840.0 6.1+0.0 0.3+0.0 40.7 1.4 0.6
200-6 0.2 53.440.5 6.0+£0.0 0.2+0.0 401 1.3 0.6
200-12 0.2 54.94+0.3 5.840.1 0.3+0.0 38.8 1.3 0.5
220-4 0.2 56.7+0.5 5.9+0.0 0.2+0.0 369 1.3 0.5
220-6 0.2 58.4+0.2 5.8+0.1 0.3+0.0 354 1.2 0.5
220-12 0.2 64.840.4 55+0.0 0.3+0.0 291 1.0 0.3
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raw Alnus to a minimum of 5.5% at Alnus 220-12. Both the increase of
temperature and residence time led to a decrease in H content. However,
the impact of temperature was higher than residence time. N content in
the produced hydrochar remained also relatively stable and low,
ranging from 0.2 to 0.3%. The S content in all produced hydrochar was
below 0.1%. Moreover, the O content decreased during HTC from 43.8%
in the raw Alnus to 29.1% at 220-12. O content should be interpreted
with caution because it is calculated based on the differences among the
other elemental content; therefore, uncertainties of all measurements
are added.

In the different studied genera, the C content in hydrochar obtained
from the wood fraction of driftwood ranged 54.9% for Alnus to 57.4%
for Conifer. The difference in C content could be attributed to the initial
C content of the raw driftwood (48.8% for Alnus to 53.9/% for Conifer)
and the driftwood macromolecules composition, most notably the lignin
content.

H remained relatively stable among the different biomass with
values from 5.8 to 5.9%. N content in the produced hydrochar remained
relatively stable and low, with a maximum of 0.7% for Alnus bark. The S
content in all produced hydrochar was below 0.1%. O content varied the
most among the different studied biomass from 26.6% for Alnus bark to
40.4% for Alnus.

3.1.3. Ash content

Whatever the operational conditions tested, Alnus hydrochars had
lower ash content than the raw material, going to a low value of 0.2%.
On the other hand, HTC of the different driftwood biomass led to
hydrochar with lower ash content than the raw biomass (0.2-1.4%)
except for Alnus bark (8.0%). The relative decrease in ash content varied
from 86% for Fraxinus to 36% for Salix. On the other hand, the ash
content increased by 7% for Alnus bark.

HTC impact on hydrochar ash content seems to vary depending on
the type of biomass and the ash composition. For woody lignocellulosic
biomass, some inorganic elements leach into the liquid fraction. How-
ever, there is no agreement in the literature on the change in magnitude
that occurs in the ash content [19,20].

Nevertheless, for the presented biomass, the reduction in ash content
among the operational conditions and driftwood biomass might be
attributed to different factors such as the increase in dielectric constant
and the lower pH of the subcritical water [12,44]. However, the
mechanisms behind inorganic element removal during HTC are com-
plex, and to our knowledge not well-elucidated.

According to the ash composition analysis by Qatarneh et al. [32], Ca
was the most abundant element (1607-6550 mg/kg) followed by K
(69-1444 mg/kg). During HTC, Ca and K were probable to have leached
while other elements, such as Fe, Mn, and Zn, remained in the hydro-
char. The leaching behavior of K could be associated with their presence
in the lignocellulosic biomass in the form of soluble ionic salts that ease
their extraction during HTC with removal rates of 84-97% [33,44]. The
removal of Ca is more complex and likely to be dependent on the type of
lignocellulosic biomass and its original content that can reach a removal
of up to 46% [33]. Si was partly leached and was inclined to remain in
the hydrochar [33,44].

The results presented above regarding hydrochar produced from five
main driftwood genera had similar ash content. Thus, hydrochar pro-
duced from HTC of river driftwood can be mixed for further application.
The significant difference in the hydrochar obtained from the bark
fraction can be neglected due to their low quantity and low presence in
driftwood [32]. Moreover, obtained results are favorable for hard car-
bon application in Na-ion batteries since it was shown that high ash
content could be problematic and strongly adverse influence electro-
chemical performances.

3.1.4. Carbon balance
Fig. 3 shows the C yield of HTC for operational conditions and
driftwood biomass. The total recovered C among the different
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operational conditions’ accounts for 94-100%. On the other hand, the
total recovered C among studied biomass accounts for 90-98%
compared to C recovery of 94-98% by Oliveira et al. [28]. The total
recovered C presents satisfactory elemental balance closure for such
kinds of experiments. The C losses could be explained by possible
spillage or droplet losses during filling and emptying the reactor and
during the separation of hydrochar. Furthermore, the losses could also
be due to the adhered hydrochar in the reactor walls and the assump-
tions made for the liquid and gas mass estimation.

The majority of the C from the raw biomass was concentrated in the
produced hydrochar with 64-73% through HTC of Alnus at different
operational conditions and 70-75% for various studied driftwood
biomass. The C in the liquid product is the result of hydrolysis reactions,
leading to the production of many organic compounds [45]. The liquid C
yield between 24 and 29% for Alnus at different operational conditions
and 16-24% for studied driftwood biomass. The low mass yield of gas
produced during HTC accompanied a low C yield of less than 2% for all
operational conditions and studied biomass.

3.1.5. Morphological properties

Obtained hydrochar particles from different operational conditions
and driftwood biomass were highly heterogeneous in size, cross-section
and morphology. The heterogeneity could be due to heat and mass
transfer limitations during HTC. SEM micrographs presenting the impact
of operational conditions and the different biomass are presented in the
supporting information file.

As biomass begins to decompose, its fibrous structure is altered. The
increase in temperature increased decomposition and reduced the
amorphous structure. As a result, hydrochar with a smoother and less
fibrous surface was produced. Even though these results differ from
earlier studies by [50,52], they are consistent with those of Lucian et al.
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[24] and Gao et al. [13].

Graphs obtained from SEM show heterogeneity in microspheres
formation. Microspheres are said to be rich in C and to be formed by
nucleation growth mechanisms [40]. Their presence is hypothesized to
be favorable for energy storage applications [27]. Therefore, micro-
spheres are a positive characteristic of the hydrochars produced from
driftwood in view of use in Na-ion batteries. Contrary to Simsir et al.
[43], which could observe microspheres only when the residence time
was longer than 12 h, in the present experiments, microspheres forma-
tion was observed even after 6 h of residence time. However, the ag-
gregation of microspheres increased with residence time.

As for the different driftwood biomass, the formation of micro-
spheres was observed in all studied biomass except for bark biomass.
However, the reason behind the absence of microspheres in bark
biomass is not clear. Microspheres number also varied among the
different driftwood biomass from couple to tens of microspheres. For
example, dense agglomeration can be seen in Fraxinus and Salix in the
supporting information file.

3.2. Conversion of hydrochar into hard carbon

3.2.1. Hard carbon yield and morphology

Produced hydrochar was upgraded by a pyrolysis step at 1400 °C to
produce hard carbon that is dense in carbon. Table 4 shows the hard
carbon yield obtained for the different hydrochars after the thermal
pyrolysis treatment. It is important to mention that the yield was
determined based on the materials mass before and after pyrolysis and
not from thermogravimetric analysis.

Starting with the hard carbons derived from the Alnus hydrochars
obtained at different HTC operational conditions, the temperature used,
and the residence time both have an influence on the final hard carbon
yield which varies between 24 and 46%. Hard carbon yield tends to
improve with the temperature increase from 180 °C to 220 °C (even if
the residence time remains constant). Moreover, for the same temper-
ature value (for example at 200 °C) the hard carbon yield improves
when the residence time increases from 4 h to 12 h. As result, the
hydrochar obtained at 220 °C and 12 h residence time led to the highest
hard carbon yield (46%). The observed tendency can be linked to the
initial hydrochar composition, which is richer in C% and poorer in 0%

Table 4

CHONS composition and ash content on dry basis of the different driftwood
biomass and the obtained hydrochar following HTC at a temperature of 200 * C
and a residence time of 12 h.

100
%
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Carbon yield (%)
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u Liquid
u Hydrochar
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Salix Alnus Alnus
bark

Conifer Fraxinus Populus

Genera

Fig. 3. Cyield of HTC of a. Alnus b. Driftwood biomass.

Sample Ash Elemental content (%-dry) Atomic
(%) ratio
C H N 0] H/ o/
C C
Conifer raw 0.7 53.9+0.0 6.1+0.0 <01 393 14 0.5
Conifer 0.2 57.4+0.2 59+0.1 0.2+0.0 363 1.2 0.5
hydrochar
Fraxinus oy 1.1 49.5+0 6.3£0.0 <0.1 43.1 1.5 0.7
Fraxinus 0.2 55.4+0.2 5.9+0.0 0.2+0.0 383 1.3 0.5
hydrochar
Populus raw 1.5 48.9+0 6.3£0.0 <0.1 43.3 1.6 0.7
Populus 0.5 55.0+0.7 5.8+0.1 0.2+0.0 385 1.3 0.5
hydrochar
Salix ;aw 2.2 50.2+0.0 6.0£0.0 0.24+0.0 41.4 1.4 0.6
Salix nydrochar 1.4 56.2+0.9 5.9+0.0 0.2+0.0 36.3 1.3 0.5
Alnus raw 0.8 48.8+0.0 6.5+0.0 0.1+0.0 43.8 1.6 0.7
Alnus 0.2 54.9+0.3 5.8+0.1 0.3+0.0 388 1.3 0.5
hydrochar
Alnus bark 7.4 53.5+0 59+0.0 0.8+0.0 324 1.3 0.5
raw
Alnus bark 8.0 58.9+0.6 5.8+£0.0 0.7+0.0 26.6 1.2 0.3

hydrochar
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when the temperature and residence time increases (Table 3).

The driftwood biomass derived hard carbons produced a relatively
similar yield (31-33%), except the Alnus bark which reaches a slightly
higher value of 38%. As five materials are obtained at the same tem-
perature (200 °C) and the same residence time (12 h), which explain the
yields similarity. The slightly higher yield found for Alnus bark may be
related to the hydrocarbon chemical composition which contains the
highest C% (Table 4) among precursors. Alnus bark has the highest ash
content, which contributes to the final higher yield.

In which concerns the morphology of the obtained hard carbons, four
representative samples were evaluated by SEM, namely: Conifer, Salix,
Alnus bark and Alnus 200.12. As a result of the high-temperature treat-
ment, the materials lost almost entirely the initial fibrous morphology as
can be seen in Supporting Information. Apart from the hard carbon
derived from Conifer, which presents some large particles originating
from the initial structure (Figure 9a, SI), one can see that the materials
consist of very small particles of different sizes (2-100 um) and shapes
(mainly a random morphology). Conifer derived HC seems more het-
erogeneous than the other carbons with wider particle size distribution.
The presence of microspheres that were initially observed in the case of
several hydrocarbons (Figure 9b, SI) was also confirmed among the hard
carbons, but very punctual.

3.2.2. Structural properties

Fig. 4a provides XRD characterization for the hard carbons produced
under different operational conditions of HTC. XRD reveals a very
similar hard carbon structure independent of the operational conditions
of the HTC step. Hard carbon patterns present two characteristic peaks
around 20 = 23° and 20 = 43°. They correspond respectively to the
graphene basal planes (002) and the perpendicular planes to the gra-
phene layers (100). The position of the peak (002) is really similar for
every material, between 20 = 22.8° and 23.0° which corresponds to an
inter-layer distance d002 of 0.39 nm, which is higher than graphite (dgo2
= 0.335 nm) [25].

Similarly, XRD patterns in Fig. 4b reveal a very similar structure of
five different woody fractions derived from hard carbons, with two
characteristic peaks around 26 = 23.00° and 43.00°. The position of the
(002) peaks lie between 22.71° and 23.84° 26 for the woody fraction of
Conifer and Salix respectively, which correspond to an interlayer space
of 0.37-0.39 nm. It is sharper and shifted to the right at 25.69° for Alnus
bark, which shows that the graphene layers are more organized and
closer than the woody samples with dgg2 = 0.350 nm against 0.335 nm
for the graphite.

Peaks on Alnus bark and Salix diffractograms highlight the presence
of other Ca crystalline compounds: Calcite (CaCO3 PDF 01-080-32-76)
and Ca Carbide (CaC, PDF 04-015-4081) in Salix and Portlandite (Ca
(OH), PDF 00-044-1481) in Alnus bark. The two samples have higher
ash and Ca content, as shown in Table 4 and Qatarneh et al. [32]. Alnus
bark hard carbon contains more Ca compounds than Salix, as the height
of the peaks reveals, which is in agreement with the very high amount of
Ca in the raw material.

Similar to Saavedra Rios et al. [36] correlation between raw biomass
inorganic composition and hard carbon structure, our results suggest
that inorganic content in driftwood may have a strong influence on the
structure of the resulting hard carbon. Si and Ca together catalyze the
graphitization that could explain the right shifted Alnus bark hard car-
bon (002) peak XRD pattern.

Structural properties were evaluated, as well, by Raman spectros-
copy and high-resolution transmission electron microscopy (HR-TEM).
As above (SEM), the same four representative HC materials were
considered since they present distinct structures as revealed by their dgo2
determined by XRD. Raman spectra (Fig. 5) confirmed the characteristic
structure of hard carbon, as reported elsewhere [3]. Two sharp and
intense peaks, corresponding to the defect-induced D-band and the
crystalline graphite G-band, can be seen at approximately 1350 cm™ and
1600 cm’}, respectively. The ratio between the intensities of these two
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Fig. 4. XRD patterns for the different hard carbon from a. Alnus and b. drift-
wood biomass.

peaks can be used to quantify the disorder degree among the HCs
(Fig. 5). The obtained values (1.23-1.58) imply a high disorder degree
for all HCs, with a similar structure, as revealed by the normalized
spectra which are alike. However, one can see that Alnus Bark derived
HC has a slightly more organized structure, as suggested by both the
Ip/1g ratio which is lower, 1.23, and by the more intense 2D band in the
2500-3000 cm™! region. This peak is characteristic of bulk graphite and
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Fig. 5. Normalized Raman spectra of selected hard carbon materials and the
corresponding Ip/Ig ratios.
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therefore, linked to the degree of graphitization into the material. This
result is in good agreement with the XRD showing the smallest dgo2
value for this carbon (dggz = 0.350 A).

Conversion of biochar into HC was also confirmed by HR-TEM im-
ages (Fig. 6) where randomly oriented curved graphene layers, similar
to the “card house” model proposed by Dahn et al. [9] for hard carbons,
could be seen. No significant structural difference could be seen among
the materials. However, an important presence of impurities was noticed
for Salix and Alnus Bark hard carbons (Fig. 6). To verify this aspect in
more detail, Energy Dispersive X-Ray analysis was performed on the four
materials and the results are presented in Table Y (Supporting Infor-
mation). Traces of impurities were found for all HCs, including Ca, Cu,
Si, S and Al, with higher weight percentages for Salix and Alnus Bark,
which confirms HR-TEM observations. Calcium was found in higher
content, especially for Alnus Bark HC (4.81 wt%), while for Salix
1.67 wt%. Because Ca is found in the form of an oxide, this leads to
significant amounts of oxygen, (8.32 wt% and 12.11 wt%). Conse-
quently, the amount of carbon is also lower for these two materials,
89.7 wt% for Salix and 82.9 wt% for Alnus bark. This might have an
impact on the electrochemical performance since less carbon is available
for Na insertion and the electronic conduction is lower [4] On the other
hand, Conifer and Alnus 200.12 present only traces of impurities (<
0.3 wt%) and a lower quantity of oxygen. As result, the carbon amount is
higher than 91 wt% for both materials.

3.2.3. Textural properties
Textural properties of the different hard carbons were revealed by

Conifer
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gas adsorption-desorption measurements and the results are presented
in Fig. 7. For most hard carbons, type II isotherms were obtained by N2
adsorption-desorption analysis, specific for non-porous materials. This is
also confirmed by the small volume of Ny adsorbed. Differently, Alnus
Bark shows slightly type IV isotherm, characterized by a hysteresis loop
which may suggest the presence of a larger volume of mesopores in the
structure, compared to other materials. This behavior can be related to
the presence of high Ca-based impurities (4.18 wt%) which might
induce catalytic activation with the formation of mesopores. Similar
results have been observed in our previous work when using chitin as a
precursor, and the possible activation reactions described therein [8].
BET specific surface area (SSA) was determined for all the hard carbons
(Table 5) and the values were lower than 22 mz.g'l. This should be
favorable to limit the undesirable reactions with the electrolyte. It is
indeed established that hard carbons with high SSA result in high irre-
versible capacity during the first discharge-charge cycle [14].

No clear correlation could be established between HTC operational
conditions and the resulting texture of hard carbons (Fig. 7a and c).
However, materials treated under the least severe temperature of HTC
(180 °C) seem to lead to hard carbons with a slightly higher SSA. As CO4
gas has better accessibility for narrow pores due to its faster diffusion
kinetics [14], the materials were analyzed by CO, adsorption, as well.
Although the adsorbed volume is slightly higher than in the case of Ny, it
remains low which denotes that the materials have very little porosity
accessible. This is confirmed by the CO, SSA values found, which remain
below 30 m2.g.

The adsorption measurements for the different driftwood biomass in

Alnus 200-12

Fig. 6. HR-TEM images of selected hard carbon materials showing the turbostratic structure along with the presence of impurities in the case of Salix and Alnus

Bark HCs.
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Table 5
Mass yield and specific surface area (SSA) obtained by N», and CO, adsorption
analysis for hard carbon derived from river driftwood hydrochar.

Hard carbon Yield Ny CO, dooz @A)
(%) SSA (m2g!) SSA (mZ.g!) Lc and La

180-4 24 21.5+0.0 26.5+1.0 3.88+0.05
180-6 24 11.340.0 17.740.9 3.87+0.05
180-12 26 17.5+0.0 27.740.6 3.88+0.05
200-4 26 10.740.0 16.540.7 3.84+0.05
200-6 29 9.0+0.0 11.5+0.7 3.7740.05
200-12 31 11.140.0 16.140.7 3.86+0.05
220-4 32 8.440.0 15.640.7 3.86+0.05
220-6 38 13.0+£0.0 19.240.6 3.89+0.05
220-12 46 14.040.0 14.6+0.4 3.8740.05
Conifer 34 16.040.0 21.3+1.1 3.91+0.05
Fraxinus 32 5.040.0 6.940.2 3.81+0.05
Populus 31 16.4+0.0 23.441.7 3.8740.05
Salix 33 14.740.0 23.1+41.1 3.83+0.05
Alnus 31 14.040.0 14.640.7 3.86+0.05
Alnus bark 38 7.540.0 17.8+0.8 3.46+0.05

Fig. 7b and d revealed non-porous materials, with very low specific
surface areas. The type II adsorption-desorption N3 isotherms revealed
hard carbons with an SSA value between 5 mz.g'1 (Fraxinus) and 16 m?.
g'1 (Salix), which means low SSA for all driftwood biomasses. Alnus bark
hard carbon has a very low SSA as well, and this might be related to the

higher graphitization degree, i.e., more organized structure, as observed
above with the XRD diffractogram. The same two materials have the
smallest specific surface area when CO, adsorption gas was used.
However, while for the Alnus bark hard carbon the value increased to
18 m2.g!, the SSA of Fraxinus hard carbon remained almost stable
7 mz.g'l) denoting a compact material on which neither N3 nor CO; can
penetrate.

It seems difficult to clearly distinguish between the textural prop-
erties of the produced hard carbons. Although CO, gas has better
diffusion kinetics, the results obtained are rather similar. A possible
solution might be to approach a different gas probe, which can better
access the complex porosity of hard carbon materials as recently re-
ported in the literature [5]. In any case, in an application viewpoint,
such results can be considered as positive, since it suggests that all types
of driftwood could be suitable for conversion to Na-ion battery and there
would be no need to separate the wood genera or remove the bark.

3.3. Electrochemical performances of hard carbons

The electrochemical performances of the cells consisting of hard
carbons as an anode material are shown in Fig. 8. Whatever the HTC
operational conditions and driftwood biomass, all hard carbons present
similar behaviors both in the first cycle and upon cycling, in accordance
with their similar physico-chemical and structural properties discussed
above.

More precisely, the specific capacity during the first cycle was found
to be between 270 and 300 mAh-g ™! and a related Coulombic efficiency
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between 77% and 83%. These values are relatively higher than the ob-
tained with other hard carbons derived from lignocellulosic hydrochars,
such as 34% in peanut skin [47], 57% in shaddock peel [23], 72% in
apricot shell [10], and 77% in reed straw [48]. Moreover, derived hard
carbon can be compared with available commercial hard carbon such as
PAC2 used in Na-ion battery prototypes with a specific capacity of 293
mAh-g?! and a Coulombic efficiency of 86% ,which make driftwood
potentially competitive [6]. In addition, the cyclability obtained was
also promising, with a maximum of 2% of capacity loss after 100 cycles.

Only Alnus bark hard carbon appears as an outlier, with a much
lower specific capacity of 167 mAh-g™! and a Coulombic efficiency of
64%. This low performance can be related to a certain extent to the high
content of impurities observed by EDX, especially to the high oxygen
amount found in the materials, which favors solid electrolyte interface
formation and leads to significant irreversible capacity in the first cycle.
In addition, the lower quantity of C along with the narrow interlayer
distance (0.350 nm) might limit the Na insertion and lead to lower ca-
pacity delivered. According to Cao et al. [7], a dgoz of at least 3.7 Ais
required for efficient Na insertion.

This result confirms the findings of Saavedra Rios [35] as well about
the negative correlation between feedstock ash content and performance
as an anode in Na-ion batteries. From a process viewpoint, such results
would be in favor of removing bark from driftwood before conversion.
However, such removal is partly made naturally during driftwood
transport in rivers [30].

Based on 1300 tons the amount of wood available annually and the
conversion yields presented above, the Génissiat dam can produce
approximately 300 tons of hard carbon material. The produced hard
carbon can be used in what is equivalent to 300 MWh of Na-ion batte-
ries. When the published numbers of 3 million tons of driftwood
extracted from 32 dams are considered [41], driftwood can produce
approximately 1 million tons of hard carbon, meeting the annual
0.2-million-ton demand for battery-grade graphite [17].
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4. Conclusion

The global efforts toward a greener economy are accompanied by an
increase in demand for energy storage applications. Na-ion batteries
with their cheaper and widely available resources, including hard car-
bon, are of great interest. We presented river driftwood as a potential
resource for hard carbon. Unlike other waste, river driftwood has the
advantage of lower ash content, few collection points with large quan-
tities of wood, thus reducing the cost and energy-related to extraction
and collection efforts. Obtained hard carbons showed promising elec-
trochemical performance regardless of the previous HTC operational
conditions and driftwood biomass used, except the bark fraction that is
naturally removed during transportation of river driftwood. Tested an-
odes delivered a reversible discharge of 270-300 mAh-g for the first
cycle. Derived hard carbons had Coulombic efficiency of 77-83% and a
promising cyclability of maximum 2% loss after 100 cycles. Results from
this study suggest that utilizing global river driftwood can produce 1
million tons of hard carbon, meeting the annual 0.2 million ton demand
on battery-grade graphite.
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