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Waste hemp hurd (WHH) was used as a sustainable feedstock for producing hard carbon-based anodes for
sodium-ion batteries (SIBs). Two easily scalable production pathways were tested and compared: (1) pyrolysis (at
500 °C) and subsequent annealing at 800, 1000 or 1200 °C, and (2) hydrothermal pretreatment (at 180 °C) and
subsequent annealing at the above-mentioned highest temperatures. Results indicated that when a HCl (2 mol
m~%) aqueous solution was used as hydrothermal medium, the textural, structural and surface chemistry features
linked to the electrochemical performance of the resulting hard carbons improved. The WHH-derived electrode
produced via HCl-mediated hydrothermal pretreatment and subsequent annealing at 1000 °C showed an
exceptional electrochemical performance in terms of specific capacity (535 mA h g~! at 30 mA g~!) and rate
capability (372, 156, 115, and 83 mA h g! at 0.1, 0.5, 1, and 2 A g}, respectively) when an ester-based
electrolyte was used (NaTFSI in EC/DMC). Using an ether-based electrolyte (NaPF¢ in diglyme) improved
both the ICE (from 69% to 78%) and cycling stability (85% of capacity retention after 300 cycles at 1 A g~'; 91%
when current rate returned to 0.1 A g~1). In summary, relatively low-cost WHH-derived carbons are able to
deliver an exceptional performance, much better than that reported so far for other biomass-derived carbons, and
even close to that exhibited by more expensive and complex composite and hybrid materials.

1. Introduction industrially relevant EES devices. For the negative electrode, graphite,

which is commonly used as anode in LIBs, shows a very limited

Electrochemical energy storage (EES) is crucial to smooth the
intermittency of renewable electricity generation in the carbon-neutral
future. A globally installed storage capacity of more than 1 TWh in
batteries is foreseen for 2030 [1]. This massive expansion of storage
capacity leads to great challenges not only with respect to energy and
power densities, but also regarding additional aspects such as the sus-
tainability and availability of raw materials. In this context, alternative
technologies to the state-of-the-art lithium-ion batteries are needed.

Sodium-ion batteries (SIBs) appear as one of the most promising
postlithium chemistry due to their relatively low cost, abundance and
wide distribution of sodium, as well as their chemical similarities to LIBs
[2]. Nevertheless, the main challenge for SIBs still lies in the develop-
ment of high-performance and sustainable electrode materials toward

sodium-ion storage capacity (ca. 35 mA h g~1) when carbonates-based
electrolytes are used. This has been attributed to the thermodynamic
instability of the binary Na-intercalated graphite compound [3].
Recently, it has been reported that using ether-based electrolytes en-
ables graphite to reversibly accommodate Na™ via co-intercalation re-
actions, where solvated alkali ions are intercalated into the galleries of
graphite through a ternary graphite intercalation compound [4,5].
However, the non-renewable nature and global supply risk of natural
graphite has led to increased interest in hard carbons (HCs), which can
be obtained from biomass, therefore, contributing to simultaneously
replace fossil-based resources and boost circular bioeconomy.

HCs possess a highly disordered structure with large interlayer space
(doo2) and defects, as well as a number of micropores that are located
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between these structures [6]. Insertion of Na™ into HCs mainly occurs in
two stages during galvanostatic discharge: a so-called slope region at
relatively high voltage (above 0.15 V) and a plateau region at low
voltage (below 0.15 V) [7]. Although the nature of the processes behind
the slope and plateau regions is still debated by the research community,
there is a growing consensus that the low- and high-voltage regions are
mainly ascribed to adsorption-driven storage processes (charge storage
on the surface, heteroatoms, and defects) and intercalation and closed
pore filling processes, respectively [8]. Nonetheless, HCs still suffer from
some issues that limit their applicability, such as low initial Coulombic
efficiency (ICE) [9,10], low rate capability, and poorer cycling stability
compared to graphitic anodes in LIBs [11,12].

Waste hemp hurd (WHH) is the lignocellulosic residue obtained
when bast fibers are separated from industrial hemp stalk. The pro-
duction of industrial hemp (Cannabis sativa L.) in the EU increased by
84% in 2022 compared to 2015 [13]. Since WHH, which is currently
used in low added-value applications (e.g., animal bedding, paper
products, and building materials), accounts for ca. 50 wt % of the whole
plant biomass [14], there is a need to valorize this waste into higher
value-added renewable materials. In the field of electrochemical energy
storage, only few studies have been reported on the use of WHH as
precursor of carbon-based electrodes. Sun et al. observed an excellent
electrochemical performance of WHH-derived chemically activated
carbons in symmetric supercapacitor cells [15]. Recently, a remarkable
rate capability (79 mA h g~ at 1 A g1) in a sodium-ion half-cell was
reported in our previous study for WHH-derived HCs produced through
mild chemical activation with KoCO3 [16]. This encouraging outcome
was mainly ascribed to the unique physicochemical properties of the
carbon precursor, since much lower specific capacities at high current
rates can be expected for biomass-derived HCs.

On the other hand, hydrothermal pretreatment of carbon precursor
has recently been postulated as a key process step to significantly
enhance the electrochemical performance of the resulting HCs for SIBs.
Xu et al. observed, for glucose-derived HCs, an increased number of
active sites in the form of defects and nanovoids when glucose was hy-
drothermally pretreated [17]. For lignocellulosic precursors, Nieto et al.
have also observed a marked improvement of the electrochemical per-
formance (especially at relatively high current rates) of the resulting
spent coffee ground-, sunflower seed shell-, and rose stem-derived HCs
when the biomass was previously hydrothermally treated up to 250 °C
for 24 h under autogenous pressure [18].

It is well known that the addition of strong mineral acids during
hydrothermal treatment results in an enhanced removal of ash from
nascent hydrochar, as well as a catalyzed hydrolysis and dehydration
due to a higher concentration of H" in the reaction system [19].
Recently, hydrochloric acid (HCl) has been proven to be effective to
overcome the agglomeration of hydrochar, leading to the formation of
carbon microspheres when bamboo was hydrothermally processed at
220 °C [20]. Porous carbon microspheres represent a very interesting
morphology for SIB purposes, since they can shorten the diffusion
pathway of both electrolyte and Na ions compared to regular 3D porous
HCs [21].

Taking into account all of the above, the specific aim of the present
study was to synthesize high-performance WHH-derived anodes for SIBs
via an easily scalable process consisting of two consecutive steps: a
hydrothermal pretreatment (w/wo HCl addition) and a subsequent
carbonization at higher temperature (800, 1000, and 1200 °C) under
argon atmosphere. To get insights into the role of the hydrothermal
pretreatment on the properties of the resulting HCs, slow pyrolysis of
WHH up to 500 °C was also conducted instead of the hydrothermal step.
As explained in detail in the following sections, the best-performing
WHH-derived HC—the one produced through HCl-assisted hydrother-
mal pretreatment and subsequent annealing at 1000 °C—exhibited an
impressive electrochemical performance, with specific capacities of 535
and 115 mA h g1 at current densities of 0.03 and 1 A g7, respectively.
This outstanding performance for a redox-active metal-free biomass-
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derived HC can be ascribed to a unique combination of physicochem-
ical properties, leading to a well-balanced contribution from the high-
voltage slope and low-voltage plateau regions.

2. Experimental section
2.1. Synthesis of hard carbons

Waste hemp hurd samples were characterized in terms of proximate
and elemental analyses, as well as inorganic composition and biomass
constituents. More details on the methodology followed for feedstock
characterization can be found in a previous publication [16]. For hy-
drothermal pretreatment, 5 g of WHH (previously sieved to particles
below 5 mm) was loaded with 60 mL of deionized water (DI)—or an
aqueous HCI solution (2 mol dm’3)—into a polytetrafluoroethylene
(PTFE)-lined stainless-steel autoclave, which was then heated up to
180 °C. The reactor was held at this temperature for 12 h and then
cooled down to room temperature The resulting hydrochar, was then
collected through vacuum filtration and dried at 100 °C for 12 h.

Slow pyrolysis of WHH (also sieved to particles below 5 mm) was
conducted using a bench-scale fixed-bed reactor, at atmospheric pres-
sure under a continuous flow of nitrogen, at an average heating rate of
5°C min"!, and at a highest temperature of 500 °C. Details on the py-
rolysis reactor and experimental procedure are available elsewhere [22,
23].

Both WHH-derived hydrochars and pyrolysis chars (2 g per batch)
were subjected to a second carbonization step up to 800, 1000, and
1200 °C using a tubular mullite-made reactor inserted into a high-
temperature furnace (Carbolite TF1 16/60/300) under a continuous
flow of argon at a heating rate of 5 °C min~!. A soaking time of 2 h at the
highest temperature was applied. The resulting WHH-derived HCs were
washed with HCI solution (2 mol dm’g) and then with DI water until
neutral pH was reached. They were finally dried at 100 °C for 12 h,
grounded and sieved to collect particles below 90 pm. The resulting
WHH-derived carbons were denoted as HC-T, HTC-T, and HTC-T-HCI for
pyrolysis chars, hydrochars, and HCl-mediated hydrochars carbonized
at a given highest temperature value (T), respectively.

2.2. Physicochemical characterization

Structural properties of produced carbons were investigated through
XRD, using an Empyrean instrument from Malvern Panalytical (UK)
with Cu-Ka radiation (A = 0.154 nm), and Raman spectroscopy, using an
alpha 300 microscope from WITec (Germany) at 532 nm laser wave-
length. The interlayer spacing between graphene layers (dgg2), the
apparent thickness of crystallites along the c-axis (L.), and the apparent
width of crystallites along the a-axis (L,) were determined from XRD
spectra using the Bragg’s law and Scherrer’s equation [24]. According to
the methodology suggested by Sadezky et al. [25], Raman spectra were
deconvoluted into one Gaussian-shaped band (D3, at about 1500 em™)
and four Lorentzian-shaped bands (G, D1, D2 and D4 at about 1600,
1360, 1620, and 1200 cm_l, respectively) using the Peak Analyzer tool
in OriginPro software. The structural analysis was further assessed by
the evaluation of HR-TEM images, which were acquired using an
image-corrected Titan 80-300 kV system equipped with a SuperTwin
objective lens and corrector for the spherical aberration (Cs), allowing a
point-to-point resolution of 0.08 nm. The Digitalmicrograph software
was used for image processing.

The morphologies of WHH-derived HCs were observed by scanning
electron microscopy (SEM) using an Inspect-F50A microscope from FEI
(The Netherlands). To investigate the oxygen- and nitrogen-containing
functional groups on surface, X-ray photoelectron spectroscopy (XPS)
was conducted using an Axis Supra spectrometer from Katros Analytical
(UK) equipped with a monochromatic Al-Ka radiation source running at
1486 eV. C 1s, O 1s and N 1s regions were deconvoluted using the
CasaXPS software package. Specific surface areas and pore size



D. Antoran et al.

distributions were estimated from combined Ny and CO» adsorption
isotherms, which were acquired at —196 °C and 0 °C, respectively, using
an Autosorb-iQ-XR2 analyzer from Quantachrome Instruments (Ger-
many). Micropore and mesopore volumes were estimated from Ny
adsorption data, whereas ultramicropore volume (for pore sizes below
0.7 nm) was calculated from CO, adsorption data. NLDFT models (for
slit pore geometry) implemented in the QuadraWin 6.0 software were
used.
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2.3. Electrochemical measurements

The working electrodes (WE) were fabricated by mixing in aqueous
solution the WHH-derived HCs with acetylene black (as conductive
agent) and styrene-butadiene rubber (SBR) and sodium carboxymethyl
cellulose (Na-CMC)—as binders—in an 80:10:5:5 mass ratio. A homo-
geneous slurry was obtained by adding DI water under vortex agitation
and magnetic stirring. The slurry was then uniformly coated on a high-
purity aluminum sheet (current collector) using a baker applicator to
obtain a composite electrode of 100 pm thickness. Finally, the resulting
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Fig. 1. SEM images of WHH-derived carbons: HC-500 (a), HC-800 (b), HC-1000 (c), HTC-1000 (d), HTC-1000-HCl (e), and HC-1200 (f).
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electrodes were punched (12 mm diameter) and dried under vacuum at
120 °C for 12 h. The final mass loading of working electrodes was 1.96
+ 0.34 mg em 2,

Customized t-type Swagelok half-cells were assembled in an Ar-filled
glovebox, with Oy and H20 contents below 0.5 ppm. More details on the
cells can be found in a previous study [26]. The electrolyte (120 pL) was
composed of a solution of NaTFSI (1 mol dm %) in a mixture of EC and
DMC (1:1 vol) as solvent. A sodium metal disc (12 mm diameter) was
used as counter electrode (CE) and reference electrode (RE) in
two-electrode setups, while an additional disc of metal sodium (5 mm
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diameter) was used as RE in three-electrode cells (see Fig. S1 in sup-
plementary data).

Electrochemical measurements were performed using a potentiostat-
galvanostat (model SP-200 from Bio-Logic, France) at room tempera-
ture. Galvanostatic discharge/charge (GCD) measurements were con-
ducted within a potential window of 0.01-2.5 V (vs. Na'/Na), whereas
cyclic voltammetry (CV) curves were obtained at a scan rate of 0.1 mV
s~ within the same voltage window. Galvanostatic intermittent titra-
tion technique (GITT) measurements were also conducted at a constant
current density of 0.1 A g1, a pulse time of 20 min, and relaxation

Sece

5nm

Fig. 2. HR-TEM images of HC-800 (a), HC-1000 (b), HC-1200 (c), HTC-1000 (d), and HTC-1000-HCl (e and f).
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periods of 1 h at open circuit. The WE was previously subjected to three
CV scans to allow the formation and stabilization of the solid interlayer
interphase (SEI).

3. Results and discussion
3.1. Properties of WHH-derived hard carbons

As outlined in our pervious study, in which the same feedstock was
used, WHH samples showed well-balanced contents of hemicelluloses,
cellulose, and lignin (38.1%, 32.0% and 23.8% respectively in wt. basis),
as well as a relatively low ash content (3.0 wt %) [16]. The results from
the feedstock characterization are also available in Table S1 (supple-
mentary data).

SEM images of selected WHH derived HCs (as well the intermediate
pyrolysis char produced at 500 °C) are given in Fig. 1 (see also Fig. S2 for
additional images). It can be seen that all the carbonaceous materials,
regardless of the highest carbonization temperature, maintained the
fibrous morphology of the biomass precursor. Nevertheless, the hydro-
thermally pretreated HCs exhibited a considerably rougher surface (see
Fig. 1d and e and S2a-d). For HCl-mediated hydrothermal pretreatment,
the resulting HCs (especially those carbonized at 1000 °C) showed
multiple microspheres (see Fig. 1e) with relatively uniform size (average
diameter of ca. 2.5 pm), and moderate degree of aggregation. The
resulting interparticle voids between the spheres could provide addi-
tional active sites for Na-ion storage.

Fig. 2 shows HR-TEM images of selected carbons—see also Fig. S3 for
additional images and their corresponding fast Fourier transform (FFT)
patterns—. In general, relatively thin carbon sheets with abundant
randomly ordered domains were observed in all cases. For non-
hydrothermally pretreated hard carbons, pseudographitic domains
with a broad range of interlayer distances were observed (see Fig. 2a, b,
and 2c for HC-800, HC-1000, and HC-1200, respectively). For the HC-
1200 material, a considerably more ordered structure (especially
around the visible macropores) can be seen, probably as a consequence
of the deposition of recondensed or repolymerized volatile matter [27,
28]. This apparent higher degree of graphitization of HC-1200 is
consistent with the more concentric rings observed in the FFT pattern
given in Fig. S3. On the other hand, hydrothermally pretreated HCs
(regardless of the aqueous medium) showed pseudographitic domains
with larger interlayer distances (mostly above the critical value of 0.38
nm suggested in the literature [29]) compared with those observed for
HCs produced via pyrolysis and further carbonization (see Fig. 2d and
e). Furthermore, relatively large local domains with curved graphene
layers surrounding closed (or quasi-closed) pores can be observed in
Fig. 2d-f. These microstructures were maintained or even further
developed when an acidic medium was used during the hydrothermal
pretreatment (see, for instance, Fig. 2f and S3i for HTC-1000-HCI and
HTC-1200-HCl, respectively).

With respect to the outcomes of XRD analysis, Fig. S4 shows the
acquired XRD patterns. As expected, two broad peaks were observed,
with approximate centers at 23° and 44°. The first peak is related to the
spacing between graphene layers, whereas the second peak is mostly
associated with the contributions of the (100) and (101) reflections [30].
From Table 1, it can be deduced that the dyo, value was kept almost
constant (within the range of 0.38-0.39 nm, which is large enough to
ensure Na-ion insertion between the graphene layers) regardless of the
production pathway or carbonization temperature. Nevertheless, it
should be highlighted that, for all the carbonization temperatures tested
in this study, the HCs produced via HCl-assisted hydrothermal pre-
treatment exhibited the lowest values of L, (average lateral size),
whereas the average thickness of graphene-like layers (L.) did not differ
considerably among the three synthesis processes. XRD results therefore
confirm the higher degree of disorder of the resulting hard carbons
produced at 1000 and 1200 °C when HCIl was used as hydrothermal
medium.
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Table 1
Structural parameters of WHH-derived carbons deduced from XRD and Raman
analyses.

Material From XRD From Raman
doo2 L. L, Ap1/ Ap1/(Ag + FWHM of D1
(nm) (nm) (nm) Ag Ap1 +Apy)  peak (em™1)
HC-800 0.390 0.940 3.709 4.42 0.789 + 192 + 6.41
+ 1.08 0.033
HTC-800 0.388 0.895 3.508 4.79 0.808 + 195 + 4.77
+ 0.30 0.001
HTC-800- 0.385 0.880 3.300 4.05 0.780 £ 184 £ 3.93
HClL + 0.55 0.022
HC-1000 0.381 0.874 4.009 5.22 0.809 + 175 £ 7.07
+ 0.46 0.013
HTC- 0.385 0.968 4.243 5.60 0.812 + 173 £ 3.79
1000 +0.16 0.006
HTC- 0.383 0.868 3.451 5.52 0.820 + 176 £ 1.96
1000- + 0.50 0.009
HClL
HC-1200 0.377 0.892 4.637 3.57 0.756 + 134 £+ 3.82
+0.22 0.007
HTC- 0.377 1.056 5.346 3.82 0.764 + 136 + 4.17
1200 +0.25 0.017
HTC- 0.385 0.932 3.333 4.09 0.781 + 146 + 2.59
1200- + 0.46 0.012
HCl

The lower degree of graphitization of HCl-catalyzed hydrochar-
derived carbons was also confirmed by the results obtained from Raman
spectroscopy. As can be seen in Table 1, the values of Ap1/(Ag + Ap1 +
App) ratio and FWHM (full width at half maximum) of the D1 peak were
higher for HTC-1000-HCl and HTC-1200-HCI in comparison with the
other materials carbonized at the same highest temperature. The use of
the above-mentioned peak area ratio (instead of the Ap;/Ag one) to
assess the degree of organization of carbons was proposed by Beyssac
et al. as a means to smooth the variability induced by both analytical and
fitting procedures [31]. In addition, the FWHM of the D1 peak was
proposed by Sadezky et al. as a robust indicator of the structural
ordering of carbonaceous materials [25]. Fig. S5 shows a Raman spec-
trum (as well as the deconvolution and fitting process) for each of the
WHH-derived carbons.

Table 2 lists the elemental composition on surface of WHH-derived
HCs, which was determined from the acquired survey XPS spectra. Re-
sults for WHH-derived pyrolysis char and hydrochar (produced in a pure
water medium) are also reported. Only K (the most abundant metallic
species in raw biomass, as shown in Table S1) was detected as impurity,
with its content significantly higher in non-hydrothermally pretreated
HCs. From Table 2 it can also be observed, for all the carbonization
temperatures, a clear reduction in the oxygen content (at the expense of
an increased carbon content) of the resulting HCs when WHH was hy-
drothermally pretreated, in spite of the relatively oxygen content on
surface measured for the hydrochar (34.0%), which is attributed to the
introduction of oxygen-containing functional groups during the course

Table 2
Surface composition (atomic %) obtained via integrated areas of the survey XPS
spectra.

Material C (0] N K

Pyrolysis char (500 °C) 88.5 10.6 0.92 n.d.
Hydrochar (180 °C, 12 h, in pure water) 65.4 34.0 0.42 0.18
HC-800 89.4 9.53 0.38 0.66
HTC-800 94.4 4.89 0.62 0.06
HTC-800-HCl 96.6 3.17 0.18 0.05
HC-1000 93.0 6.42 0.50 0.11
HTC-1000 95.6 3.72 0.56 0.07
HTC-1000-HCl 97.2 2.67 0.04 0.12
HC-1200 91.2 6.06 0.16 2.59
HTC-1200 96.7 2.76 0.46 0.04
HTC-1200-HCl1 97.1 2.51 0.27 0.11
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of hydrothermal pretreatment. The decrease in the oxygen content on
surface for hydrothermally pretreated HCs, which has also been
observed in previous studies [32,33], was further enhanced when HCl
was added to the hydrothermal stage.

The high-resolution spectra of C 1s region were deconvoluted into six
peaks, corresponding to C—C bonds assigned to aromatic sp? carbons
(281.7-282.0 eV), C—C bonds assigned to sp3 carbons and defective
carbon structures (282.3-282.9 eV), defective carbons and C—O groups
(284.3-285.5 eV), C=0 groups (286.9-287.8 eV), O=C—O groups
(289.3-290.3 eV), and n—r* transitions (291.7-293.0 eV) [34,35]. For
its part, the deconvoluted high-resolution spectra of the O 1s region
revealed four peaks consisting of C=0 bonds in quinones (528.6-529.6
eV), C—O bonds in hydroxyl and phenolic groups (530.3-530.9 eV),
C—O bonds in esters and anhydrides groups plus C=0 bonds in car-
boxylic groups (532.3-533.3 eV), and adsorbed moisture and oxygen
(534.1-534.8 eV) [36]. The high-resolution scan of the N 1s region was
also deconvoluted into pyridinic N (395.4-396.6 eV), pyrrolic N
(397.9-398.7 eV), and quaternary N (400.7-402.5 eV). Results from
deconvolution are summarized in Fig. 3 (see also Figs. S6-S8 for
deconvoluted high-resolution spectra), from which it can be observed
that the percentage of spz—bonded carbon atoms (Fig. 3a) increased
when the carbonization temperature was higher. However, an increase
in the area of peak 3 (mainly assigned to defective carbon structures)
also increased with temperature, especially when HCl-assisted hydro-
thermal pretreatment was performed. This seems to be in clear agree-
ment with the results obtained from Raman spectroscopy and XRD,
confirming the relatively poor structural ordering of hydrothermally
pretreated carbons, especially for both HC-1000-HCl and HC-1200-HCl
materials. Concerning the deconvolution of the O 1s region (see
Fig. 3b), it can be deduced that an increase in the carbonization tem-
perature resulted in an increased carbonyl oxygen content and a
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decreased C—O and carboxylic oxygen contents. It is generally accepted
that a higher content of C=0 bonds at the expense of C—O ones is pos-
itive for reversible adsorption of Na ions on surface, resulting in
enhanced slope capacity and ICE values [35,37,38]. Finally, results from
deconvolution of the N 1s region (see Fig. 3c) indicate that pyridinic N,
and to a lesser extent pyrrolic N, generally disappeared or were con-
verted into quaternary N as carbonization temperature was increased.
Nevertheless, the HC-1000-HCI showed the highest pyrrolic N content
(and related low quaternary N content), which may also be advanta-
geous for further improving electrochemical performance by facilitating
the reversible adsorption-desorption of sodium ions, as reported by Feng
et al. [39].

Regarding the textural features, which are summarized in Table 3
(see also Figs. S9 and S10 for adsorption isotherms and pore size dis-
tributions, respectively), it should be noted that the HCl-assisted hy-
drothermal pretreatment resulted in more developed porous carbons
compared to the rest of materials carbonized at the same highest tem-
perature. Even at 1200 °C, where the HC-1200 material exhibited very
low porosity (due to the enhanced ordering of the graphene-like layers,
leading to the shrinkage of micropores [40]), HC-1200-HCl still retained
a considerably microporous structure with pore sizes below 0.7 nm (see
Fig. S10f). These ultra-micropores can enhance the plateau capacity and
improve the ICE by providing fast transport channels for Na ions and
simultaneously hinder the contact of the electrolyte with the inner
surface [41,42].

Based on the results from physicochemical characterization, one can
conclude that the addition of hydrochloric acid during the hydrothermal
pretreatment appears as an effective strategy to inhibit an excessive
rearrangement of the carbon structure during the course of the high-
temperature carbonization step. This can be partially explained by the
fact that the oxygen-containing functional groups (OFGs) introduced

90

(b) N c=0 [ c-OH [ C-0 and 0=C-0 [_]H,0and O,

Fig. 3. Contributions (area %) of the different peaks from deconvoluted C 1s (a), O 1s (b), and N 1s (c) binding energy regions.
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Table 3

Textural features deduced from the N, and CO, adsorption isotherms given in Fig. SO.
Material Sper‘(m? g™ 1) Sper’(m? g ™) Micropore volume® (cm® g™!) Mesopore volume® (cm® g 1) Ultramicropore volume? (cm® g™1)
HC-800 13.63 369.8 0.0114 0.0061 0.1689
HTC-800 61.71 387.9 0.0309 0.0068 0.1799
HTC-800-HCl 461.8 423.1 0.1778 0.0303 0.1959
HC-1000 14.73 417.7 0.0041 0.0110 0.1218
HTC-1000 11.11 401.7 0.0056 0.0108 0.1862
HTC-1000-HCl 95.56 427.6 0.0582 0.0112 0.1994
HC-1200 6.13 114.4 0.0020 0.0065 0.0093
HTC-1200 25.21 208.2 0.0072 0.0243 0.0819
HTC-1200-HCl 103.4 375.3 0.0365 0.0301 0.1797

2 From N, adsorption isotherm at —196 °C.

b From CO, adsorption isotherm at 0 °C.

¢ From N, adsorption data using a NLDFT model.
4 From CO, adsorption data using a NLDFT model.

during HCl-assisted hydrothermal pretreatment can act as inherent ac-
tivators during thermal annealing, leading to mores structural defects
and an increased porosity caused by the decomposition of such OFGs.

3.2. Electrochemical performance of hard carbon-based anodes

The CV curves corresponding to the first three discharge-charge
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cycles for HC-1000, HTC-1000, and HTC-1000-HCI materials are shown
in Fig. 4. The peaks appearing at around 0.01 V (cathodic) and
0.15-0.20 V (anodic) are attributed to the reversible accumulation and
release of Na ions in the carbon framework, respectively [43-45].
Concerning the broad cathodic peak appearing only during the first
discharge and centered at 0.75-0.85 V, it can be ascribed to the
decomposition of the electrolyte and formation of the SEI layer as well as

0.6 —— 1%t cycle
0.5 —— 2" ¢ycle
3 cycle

T T
0.0 0.5 1.0 15 2.0 25
Potential (V vs. Na*/Na)

Fig. 4. CV curves of the first three cycles for HC-1000 (a), HTC-1000 (b); and HTC-1000-HCI (c).
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the irreversible trapping of Na ions in structural defects and surface
functional groups. In the case of the HTC-1000-HCl-based electrode, an
additional peak centered at 0.3-0.4 V was also observed during the first
discharge. This fact could be explained by the higher specific surface
area and micropore volume of HTC-1000-HCIl, which can enhance
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contact between the electrolyte and the inner surface of the electrode,
resulting in a slightly thicker SEI and lower ICE.

Fig. 5 shows the first five GCD cycles (at a current density of 0.03 A
g™ 1) for selected WH-derived HCs using two-electrode cells. As can
clearly be seen in Fig. 5f, an increase in the carbonization temperature
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Fig. 5. GCD profiles (using two-electrode cells at 0.03 A g’l) for the first five cycles of HC-800 (a), HC-1000 (b), HTC-1000 (c), HTC-1000-HCl (d), and HC-1200 (e).
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for non-hydrothermally pretreated HCs was translated into a higher
contribution from the plateau region at the expense of that from the
slope one with no significant changes in the total reversible capacity (ca.
270 mA h g7!). This was consistent with the lower content of
heteroatom-containing functional groups on surface and higher degree
of graphitization observed for said HCs as the highest treatment tem-
perature increased.

The effect on hydrothermal pretreatment on GCD profiles, however,
was clearly dependent on both the carbonization temperature and hy-
drothermal medium. For instance, hydrothermally treated HCs carbon-
ized at 800 °C exhibited a poorer electrochemical performance
compared to HC-800, showing a very low contribution from the plateau.
This was due to the low ICE values observed for both HTC-800 and HTC-
800-HCI active materials (48% and 39%, respectively), as shown in
Fig. S11. The pronounced irreversible first sodiation is likely ascribed to
an excessive content of structural defects, which can hinder the mobility
of Na ions by trapping a fraction of them and generating a repulsive
electric field [46].

The above-mentioned trend changed radically for HCs produced at
1000 °C. In this case, the hydrothermally pretreatment, especially when
it was conducted using an acidic medium, resulted in an improvement of
the reversible specific capacity. The HTC-1000-HCl exhibited an
impressive value of 535 mA h g~! with almost equal contributions from
the slope and plateau regions. This excellent capacity could be attributed
to a combination of features that synergistically contribute to the overall
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outcome: (i) an appropriate number of defects for reversible adsorption
of Na ions, leading to a large slope capacity and an acceptable ICE of
69%; (ii) an improved graphitization degree (compared with HCs
carbonized at 800 °C) with appropriate interlayer spacing; and (iii) a
number of closed nanovoids (due to the folding of curved carbon layers,
as shown in Fig. 2f), which can accommodate the deposited quasi-
metallic Na in the plateau region [38,47,48].

For the HCs carbonized at the highest temperature (1200 °C), an
unequivocally greater contribution to the reversible capacity of the
plateau region was observed compared to that of the slope region (see
Fig. 5f). This can be attributed to the increased ordering of the carbon
structure, resulting in a lower number of defects on one hand, and the
elongation of graphene-like carbon layers (particularly evident in both
HC-1200 and HTC-1200 in light of the L, values listed in Table 1),
promoting the formation of closed-pore microstructures on the other
hand. It is worth noting the excellent ICE measured for HC-1200 (83%).
However, both HTC-1200 and HTC-1200-HCl exhibited substantially
reduced ICE values of 58% and 65%, respectively (see Fig. S11). This can
be attributed, at least in part, to the fact that the hydrothermally pre-
treated HCs exhibited a more hierarchical pore size distribution,
featuring comparatively larger volumes of both micropores and meso-
pores, in contrast to the pore structure of the HC-800 carbon (see
Table 3). Thus, decomposition of the electrolyte on the surface of
reachable open pores (large micropores and mesopores) and subsequent
SEI formation can result in more irreversible consumption of Na-ions
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Fig. 6. Charge specific capacities at various current densities ranging from 0.03 to 2 A g~* (two-electrode cell setup) of WHH-derived HCs carbonized at 800 °C (a),
1000 °C (b) and 1200 °C (c). Plot (d) compares the charge capacity of HTC-1000-HCl measured using 2-electrode and 3-electrode cells.



D. Antoran et al.

when HTC-1200 and HTC-1200-HCl were used as working electrodes.

With regard to the rate capability of the HC-based anodes (assessed
through additional GCD cycles at increasing current densities) Fig. 6
clearly shows that HTC-1000-HCI outperformed all other materials in all
cases, showing reversible charge capacities of 458, 372, 156, 115 and 83
mA h g~! when cycled at 0.06, 0.1, 0.5, 1, and 2 A g}, respectively (see
Tables S2 and S3 for detailed charge capacity values). Interestingly,
comparable charge capacities were recorded upon completion of the
rate capability tests and subsequent cycling of the electrodes at 0.03 A
g ! (ca. 95% of capacity retention for HTC-1000-HCl), thus demon-
strating the stability of all WHH-derived hard carbons at high current
rates.

In order to compare the electrochemical performance of the HCs
reported herein (in particular HTC-1000-HCl), Table 4 summarizes the
outcomes reported in the literature for plant-derived HCs produced via
hydrothermal pretreatment and subsequent carbonization. After
comparing the data given in the table, it can be concluded that the
performance of the HTC-1000-HCl material is excellent, particularly in
terms of reversible specific capacity at low and moderate current density
(i.e,upto0.1 A g’l). In addition, the ICE measured for this hard carbon
(69%) can be considered as appropriate in light of the relatively mod-
erate carbonization temperature (1000 °C). Higher ICE values were
attained when carbonization temperature was set to 1200 °C (e.g., 83%
for the HC-1200 material reported in this study and 78% reported by
Nieto et al. for a sunflower seed-derived HC [18]), 1300 °C (e.g., 77% for
a reed straw-derived HC [49]), and 1400 °C (e.g., 80% for an alder
driftwood-derived HC [50]). Nevertheless, as shown in Fig. 6¢, HC-1200
showed a notably lower rate capability compared to HTC-1000-HCI,
probably as a consequence of its low open porosity and the associated
high diffusion resistance.

Fig. 6d compares the results from the rate capability tests conducted
for the best-performing material (HTC-1000-HCI) using two- and three-
electrode half-cells. As expected, an underestimation of the specific ca-
pacity (which ranged from 9% to 28%) was confirmed when employing
two-electrode half-cells. This phenomenon could be ascribed to the
development of a passivation layer on the surface of the metallic sodium
counter electrode during discharge [16,26,51].

To gain more insights into the kinetics and mechanism underlaying
sodiation and desodiation processes, Fig. 7 shows plots of the apparent
diffusion coefficients (Dy.), which were calculated from GITT mea-
surements (see supplementary data for further details and Tables S4-S6
for Dy, * values). As expected, a decrease in ion diffusivity was observed
when the voltage decreased from sloping to plateau region during
discharge. Nevertheless, this decrease was much more attenuated for
HTC-1000 and HTC-1000-HCI materials. This could be associated to the
larger volume of ultramicropores of these hydrothermally pretreated
HCs (see Table 3), which could lead to a faster diffusion of Na ions from
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the surface to the locally-ordered graphene stacks and closed pores for
intercalation and pore filling, respectively. The increase in diffusivity
observed at the end of the plateau region (ca. 0.04 V) could be ascribed
to sodium plating in the pores of the carbon structure, as reported by
Ledwoch et al. [58]. The reversibility of the process was confirmed by
observing that the change in diffusivity during charging (as plotted in
Fig. 7b) was comparable to that measured during sodiation.

To check the cycling stability of HTC-1000-HCl, 300 discharge-
charge cycles were performed at 1 A g~* (following an initial set of
five cycles at 0.1 A g~1) using a three-electrode cell. Fig. 8 displays the
evolution of the measured charge specific capacity over the cycles.
Throughout the initial 20 cycles, there was a marginal increase in ca-
pacity, rising from 185 to 201 mA h g~*, probably as a result of the fact
that small mesopores and large micropores are becoming more acces-
sible to the electrolyte over time, thereby creating additional active sites
[59]. Subsequently, a pronounced decline in capacity was noted, per-
sisting until the 140th cycle, after which the trend shifted to a more
gradual decrease. The observed poor stability at a relatively high current
rate (62% of capacity retention) can be attributed to parasitic reactions
at the relatively thick and nonuniform carbonates-based SEI [60].
However, when the current rate was restored to its initial value (0.1 A
g™, a satisfactory 91% of capacity retention (with respect to the values
measured throughout the first five cycles at the same current rate) was
measured.

In contrast to carbonate-based electrolytes, ether-based ones are
known for forming a thin and inorganic-rich SEI film, which can
enhance ICE and cycling stability [61,62]. Fig. 8 also plots the results
from the stability test when NaPFg in diglyme (1 mol dm—3) was used as
electrolyte. Clearly, the cycling stability of the working electrode
significantly improved, with an 85% of capacity retention after 300
cycles at 1 A g~ 1. Furthermore, the ICE increased from 69% to 78% (see
Fig. S12). The lower initial capacity observed for the NaPFg-diglyme,
compared with that of NaTFSI-EC/DMC, was also reported in an earlier
study [63]. A possible explanation for this could be the fact that inter-
calation of diglyme-Na' complexes [64], which has been evidenced in
graphite, could be hindered in hard carbons, where the highly cross-
linked structure cannot withstand the strain induced by the large volume
expansion.

4. Conclusions

WHH-derived hard carbons produced via hydrothermal pretreat-
ment and subsequent carbonization have been proven to be low-cost and
sustainable alternatives to be used as negative electrodes in SIBs. Among
all the materials tested, the one hydrothermally processed in 2 mol dm >
HCI solution and carbonized at 1000 °C clearly showed the best elec-
trochemical performance. This material exhibited a set of features that

Table 4
Electrochemical performance as anodes in SIBs of plant-derived HCs produced via hydrothermal pretreatment and subsequent carbonization.
Biomass Hydrothermal pretreatment Carbonization temperature Reversible capacity (mA h g~%) at current density (A g™!)  ICE Ref.
Precursor (%)
Holly leaf In water at 180 °C during 10 h 800 °C 318 at 0.02; 127 at 0.2 50 [52]
Ginkgo leaf In H,S0, (2 mol dm™3) at 250 °C during 700 °C (with KOH 200 at 0.2 31 [53]
12h activation)
Reed straw In water at 200 °C during 24 h 1300 °C 372 at 0.025; 284 at 0.1 77 [49]
Pistachio shells In NaOH (3 mol dm3) at 165 °C during 6 1000 °C 320 at 0.03; 171 at 0.3; 95 at 1.2 62 [54]
h
Rambutan peel In NaOH (1 mol dm~3) at 200 °C during 1000 °C 240 at 0.03; 172 at 0.3, 155 at 0.6 55 [55]
20h
Litchi pericarp In diluted H,SO4 at 180 °C during 24 h 1200 °C 317 at 0.02; 271 at 0.1; 182 at 0.5; 109 at 1; 76 at 2 70 [56]
Lotus leaves In HCI (1 mol dm™~3) at 180 °C during10h 800 °C 273 at 0.02; 110 at 0.8; 78 at 2 66 [32]
Corn stalk In water at 160 °C during 12 h 1000 °C 270 at 0.06; 238 at 0.6; 215 at 1.5; 172 at 3 64 [571
Sunflower seed In water at 250 °C during 24 h 1200 °C 280 at 0.025; 170 at 0.37 (120 after 1000 cycles) 76 [18]
Alder driftwood In water at 220 °C during 6 h 1400 °C 305 at 0.037; 285 at 0.37 80 [50]
Waste hemp In HCl (2mol dm~3) at 180 °Cduring 12h 1000 °C 535 at 0.03; 458 at 0.06; 372 at 0.1; 156 at 0.5; 115 at 1; 69 This
hurd 83 at2 study
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Fig. 7. Dy, values calculated from GITT measurements along sodiation (discharge) (a) and desodiation (charge) (b) of WHH-derived carbons produced at 1000 °C.
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Fig. 8. Cycling performance of the HTC-1000-HCl-based electrode at 1 A g !
using NaTFSI in EC/DMC (black circles) and NaPFg in diglyme (blue circles) as
electrolyte. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

contribute to an excellent balance between slope and plateau capacities,
resulting in outstanding Na ion storage capacity at low current rates and
more than acceptable rate capabilities (i.e., 535, 372, and 115mA h g~
when cycled at 0.03, 0.1, and 1 A g}, respectively). Noteworthy among
these features are the relatively large number of defects, the inter-
connected pore network (mostly ultramicroporous), appropriate inter-
layer spacing, and the presence of closed nanovoids in its structure.
Regarding cycling stability, the active material exhibited a much better
performance when the initial electrolyte (NaTFSI in EC/DMC 1 mol
dm™3) was replaced by an ether-based one (NaPFg in diglyme 1 mol
dm~3). However, this improvement in stability was at the expense of a
certain loss of specific capacity. Further research is needed to further
clarify the role of the electrolyte formulation and test the best-
performing hard carbon in full-cell setups.
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