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Vine Shoots-Derived Hard Carbons as Anodes for Sodium-
lon Batteries: Role of Annealing Temperature in Regulating

Their Structure and Morphology

Dario Alvira,*®®! Daniel Antoran,®® Mariano Vidal,' Victor Sebastian,® % *% and

Joan J. Manya*®™"!

Sodium-ion batteries (SIBs) are considered one of the most
promising large-scale and low-cost energy storage systems due
to the abundance and low price of sodium. Herein, hard
carbons from a sustainable biomass feedstock (vine shoots)
were synthesized via a simple two-step carbonization process at
different highest temperatures to be used as anodes in SIBs.
The hard carbon produced at 1200°C delivered the highest
reversible capacity (270 mAhg™" at 0.03 Ag™', with an accept-
able initial coulombic efficiency of 71 %) since a suitable balance
between the pseudographitic domains growth and the reten-
tion of microporosity, defects, and functional groups was
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achieved. A prominent cycling stability with a capacity retention
of 97% over 315 cycles was also attained. Comprehensive
characterization unraveled a three-stage sodium storage mech-
anism based on adsorption, intercalation, and filling of pores. A
remarkable specific capacity underestimation of up to 38% was
also found when a two-electrode half-cell configuration was
employed to measure the rate performance. To avoid this
systematic error caused by the counter/reference electrode
polarization, we strongly recommend the use of a three-
electrode setup or a full-cell configuration to correctly evaluate
the anode response at moderate and high current rates.

Introduction

Sodium-ion batteries (SIBs) are called to lead the next
generation of large-scale electrochemical energy storage sys-
tems required to support the grid integration of intermittent
renewable sources.! However, the design of high-performance
anodes is one of the main bottlenecks to achieve the full
potential of this technology.”? Since the electrochemical
intercalation of Na® into graphite is hampered due to
thermodynamical issues,” alternative anode materials to those
commonly used in lithium-ion batteries need to be developed.
In this context, hard carbons (HCs) with larger interlayer spacing
than that of graphite are the most promising and widely
investigated candidates, since they can storage Na* in their
surface  functionalities, defects, and  pseudographitic
domains.*?

Hard carbons derived from biomass waste resources (such
as oatmeal, rice husk, sugarcane bagasse, banana peels, peanut
shells, apple pomace, and corncob) received extensive attention
due to superior reversible capacities as well as cost and
sustainability considerations.*'? The natural microstructure of
biomass remains after carbonization, providing a large number
of defects and pores together with randomly oriented pseudog-
raphitic domains."™® The inherent channels and pores create an
interconnected 3D structure that improves the electrolyte
penetration and provides more sodium pathways and ion
buffering reservoirs." Moreover, some remaining heteroatoms
(N, S, P, etc.) can provide more storage sites by direct electro-
chemically active covalent bonds or through the introduction of
carbon vacancy defects that originate electron acceptor
states.!"?

© 2023 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH
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In order to produce suitable anode materials for SIBs,
biomass-derived hard carbons need to be tuned to adjust their
key properties, namely the interlayer spacing, pore structure,
and surface composition. An acid-washing treatment is also
commonly required to remove biomass-inherent inorganic
species (such as Mg, K, Ca, and Si), which can worsen the
electrochemical performance of the active material by occupy-
ing active sites as well as giving rise to unwanted reactions."”
Nevertheless, the complexity and heterogeneity of biomass
sources together with the lack of consensus concerning the
sodium storage mechanism hinder a systematic strategy for the
production of engineered HCs.'"'®

The selection of the biomass source plays a critical role
since different precursors give rise to a wide range of hard
carbons with diverse structural and chemical properties.
Spheres,"™ nanotubes,”™ and 2D nanosheets”” have been
obtained, although 3D hierarchical structures are the most
commonly achieved. These 3D structures - derived from the
intrinsic cell walls, plant channels, and pores - can result in the
so-called honeycomb shape®? and provide pathways for fast
Na® transport in addition to buffer the electrode volume
expansion/contraction during cycling." In terms of biomass
constituents, decomposition of hemicelluloses and lignin leads
to non-graphitic carbons, while the carbonization of cellulose
results in more compact and highly crystalline carbon
structures.”? Hence, a proper cellulose and hemicelluloses-
lignin ratio is required to ensure enough ordered graphitic
layers without an excessive degree of graphitization.”

Concerning the sodium storage mechanism, three different
Na* storage processes have been documented in the literature:
(/) adsorption on the surface edges and defects, (ii) intercalation
between pseudographitic layers, and (iii) filling of nanopores.
However, a consensus regarding the mechanisms governing
sodium storage along the galvanostatic charge-discharge
voltage profiles has not yet been reached; in this respect, six
different models have been proposed: (i) insertion-filling
model,”® (i) adsorption-insertion model,”” (ii)) three stage
model,”® (iv) four stage model,” (v) extended adsorption-
insertion model,*® and (vi) adsorption-filling model.®" Despite
this, there is a growing consensus that the high-voltage slope
region and the low-voltage plateau are mainly caused by
adsorption-driven  storage and intercalation processes,
respectively.??

Regarding carbonization process conditions, higher peak or
highest temperatures result in a greater extent of graphitization
and lower interplanar distances. In consequence, and for a
given biomass feedstock, there is an optimal temperature at
which the maximum reversible capacity can be achieved,
commonly between 1000°C and 1400°C.®¥ Porosity develop-
ment is also crucial since pores can improve the charge-transfer
kinetics, although high specific surface areas usually lead to the
formation of thick solid electrolyte interphases (SEls) and
related low initial coulombic efficiency (ICE) values. Nonethe-
less, Zheng et al.®¥ stated that, in the case of HCs having a
narrow microporous structure (i.e., pore sizes<1 nm), the SEI
was very thin and hardly formed. Yang et al.®, for their part,
reported that liquid electrolyte was unable to diffuse into
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ultramicropores (pore sizes below 0.7 nm), which were only
accessible to the bare Na ions. In view of the above, one can
conclude that suitable HCs for SIB purposes would be those
exhibiting a good balance among degree of graphitization,
microporosity, and surface chemistry. Since all of these material
features depend - to a higher or lesser extent — on the highest
carbonization temperature, assessing its role for a given
biomass feedstock is an essential step to guide further improve-
ments.

Vine shoots are an agricultural waste with a high volume
generation in wine-growing regions: 1.4-2.0 tons per hectare
and year.®® Using vine shoots to produce a high value-added
hard carbon would promote the valorization of this biowaste,
being an additional source of income and also a CO,
sequestration strategy. Herein, HCs were produced from vine
shoots through a two-step carbonization process at a variety of
high-temperature thermal treatments. The two-step carbon-
ization process was selected because the intermediate char
after the first step (namely pyrolysis) can be used as an organic
amendment in agricultural soils (biochar).?” The development
of advanced biochar-based materials gives rise to value-added
products that can promote the production of this sustainable
platform carbon material.?® The synthesized HCs were then
tested as anodes in SIBs with the aim at establishing links
between the measured electrochemical performance and the
most important materials features, namely surface chemistry,
degree of (pseudo)graphitization, and microporosity.

Experimental Section

Biomass feedstock

Vine shoots (Vitis vinifera L.) of the Cabernet Sauvignon variety was
used as carbon precursor. The biomass was collected during winter
pruning in a vineyard placed in the Somontano region (Aragon,
Spain). Vine shoots with diameters between 8.5 and 15 mm were
selected and then cut into smaller pieces of 4-7 cm in length.
Proximate and elemental analyses, X-ray fluorescence (XRF) spectro-
scopy, and determination of the contents of main biomass
constituents (i.e,, hemicelluloses, cellulose, and lignin) were
performed as stated in an earlier study.”

Production of hard carbons

Vine shoots (VS) were carbonized through a two-step carbonization
approach, as shown in Figure 1. Firstly, 300 g of vine shoots were
pyrolyzed in a fixed-bed reactor under an inert N, atmosphere at an
average heating rate of 5°Cmin~". A scheme of the pyrolysis plant
can also be found in Figure S1 (Supporting Information).

The pyrolysis peak temperature was 500 °C, with a soaking time of
60 min and a residence time of N, (carrier gas) within the reactor of
100s. The obtained char, which was crushed and sieved to obtain
particle sizes lower than 90 mm, was then washed with a HCl
solution (2 moldm™), for 2 h at 50°C, to extract inorganic elements
and subsequently rinsed with distilled water until neutral pH was
obtained. The unwashed and acid-washed intermediate VS-derived
chars were named VS-500-UW and VS-500, respectively.

The VS-500 material (59 per batch) was subjected to a second
carbonization step at higher temperature. For this purpose, a
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Figure 1. Graphical summary of the two-step carbonization process.

tubular ceramic reactor (made of mullite) inserted into a furnace
(Carbolite TF1 16/60/300) was used. An argon atmosphere was kept
to avoid the formation of nitrogen oxides (see Figure S2 for
schematic layout). A heating ramp of 5°C min~' and a soaking time
of 2 h were applied at the tested highest carbonization temper-
atures (800, 1000, 1200, and 1400°C). The resulting hard carbons
were uniformly named as VS-x, where x refers to the highest
carbonization temperature.

Characterization of Produced Hard Carbons

Morphological characterization was performed using an Inspect-
F50 A scanning electron microscope coupled with energy dispersive
X-ray spectroscopy (SEM-EDX; FEl, The Netherlands) to analyze
elemental composition on the surface of HCs. The structural
analysis of produced HCs was further assessed by an Image
Corrected Titan HR-TEM (FEIl, The Netherlands) equipped with a
SuperTwin® objective lens and a CETCOR Cs-objective corrector
from CEOS Company, allowing a point-to-point resolution of
0.08 nm. The Titan microscope was operated at 90 kV. Digitalmicro-
graph” software was used to measure interplanar distances from
HR-TEM images. X-ray photoelectron spectroscopy (XPS; AXIS Supra
instrument from Kratos Analytical Ltd, UK) was applied to identify
the oxygen- and nitrogen-containing functional groups on surface
from deconvolution of the C 1s and N 1s regions, respectively.

Structural characterization was performed using X-ray powder
diffraction (XRD; Empyrean instrument from Malvern Panalytical,
UK, 1=0.154 nm) and Raman spectroscopy (Alpha 300 model from
WITec, Germany, A=532nm). The interlayer space between
graphene layers (dy,), the apparent crystallite thickness along the
c-axis (L), the apparent crystallite width along the a-axis (L,), and
the number of graphene stacking layers (n) were calculated from
the XRD spectra using the Bragg and Scherrer equations, as
illustrated in our previous article.”” The Raman spectra, which were
collected at three different locations for each sample, were
deconvoluted into one Gaussian-shaped band (D3) and four
Lorentzian-shaped bands (G, D1, D2, and D4) in triplicate to
calculate the Ap,/Ag ratio and L,.*"

The micro- and ultra-microporosity of HCs were estimated from CO,
adsorption isotherms at 273 K (using an Autosorb-iQ analyzer from
Quantachrome, Anton Paar, Germany) once the samples were
outgassed at 150°C for 8 h under vacuum. The Brunauer-Emmett-
Teller (BET) model was adopted to calculate the specific surface
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area while the pore size distribution was determined using a Non-
Local Density Functional Theory (NLDFT) model.

Electrochemical characterization

The electrochemical performance of active materials was evaluated
using a three-electrode Swagelok t-cell prototype that was
designed to contain circular electrodes (12 mm diameter) under a
constant pressure of 0.2 Nmm™ (see Figure S3a). The plugs were
made of stainless steel AISI 316-L and a high-density polyethylene
tube was used to host the electrodes. When two-electrode
measurements were carried out, a plug was used to close the
central port of the Swagelok t-case (see Figure S3b). Working
electrodes were prepared by mixing the produced HC with
acetylene black (as conductive agent) and styrene-butadiene
rubber (SBR) and carboxymethyl cellulose (CMC) (as binder
compounds) at a mass ratio of 80:10:5:5. A homogeneous slurry
was obtained by adding DI water with vortex agitation. Then the
slurry was coated on an aluminum current collector (16 mm
thickness) using a baker applicator to obtain a thickness-controlled
composite electrode (100 um) with a final mass loading of
2.36 mgcm 2 Lastly, the electrodes were punched and dried under
vacuum at 120°C overnight.

A sodium metal disc (12 mm diameter) was used as counter
electrode (CE) and reference electrode (RE) in the two-electrode
setup, while an additional disc of metal sodium (5 mm diameter)
was used as RE in the three-electrode cell. The separator between
the working and counter electrodes was made of 190 mm thick
glass fiber filter. The electrolyte, which was supplied by Solvionic
(France), was composed of a NaTFS| solution (1 moldm~) in a
mixture (1:1vol.) of dimethyl carbonate (DMC) and ethylene
carbonate (EC) as solvent (60 ml of electrolyte were applied to the
cell). The Swagelok cells were assembled in an argon-filled glove-
box (H,0 and O, contents below 0.5 ppm) from MBraun (Germany).

Electrochemical measurements were conducted using SP-200
potentiostats (Bio-Logic, France) in a temperature range between
19 and 22°C. The galvanostatic charge/discharge (GCD) cycles were
performed within a potential window of 0.01-2.5V (vs. Na/Na™),
whereas the cyclic voltammetry profiles were collected at a scan
rate of 0.1 mVs™' between cut-off voltages of 0.01 and 2.5V.
Galvanostatic intermittent titration (GITT) measurements were
performed at a current density of 30 mAg ™', a pulse time of 20 min,
and relaxation periods of 1 h at open circuit.
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Results and Discussion
Features of the biomass source

The electrochemical performance of plant-derived HCs is
strongly influenced by the morphology and the physicochem-
ical properties of the precursor®® A lignin-rich precursor
containing above 25 wt.% has been suggested to guarantee
enough ordered graphitic layers and good electron conductiv-
ity, while avoiding an excessive graphitization."**? Further-
more, low ash contents are required, since inorganic elements
(e.g., Mg, Ca, K, and Si) can occupy some sodium storage active
sites and trigger parasitic reactions during sodiation.”” Based
on the above, VS biomass has a lignin content of 20.3 wt.%
(which is relatively high for a lignocellulosic material but lower
than the suggested 25 wt.% threshold); however, its low ash
content (1.08 wt. %) is certainly appropriate for electrochemical
energy storage applications. In addition, the HCl-washing step
after pyrolysis is justified by the relatively high contents of Ca,
K, and Mg in the VS ash, as shown in Table 1.

Physicochemical characterization

After the first carbonization at 500 °C, and as deduced from the
SEM images shown in Figure 2, the resulting VS-500 carbon
material retained the raw plant tissue microstructure (see SEM
images for pristine VS in Figure S4). This fact can facilitate the
electrolyte penetration and Na* diffusion. Porous Swiss cheese-
like and 2D walls can be seen in Figure 2(a-c). Moreover, as the
carbonization temperature increased to 1000 and 1400 °C, these
biomass structures still remained, as shown in Figures 2(d and
e). At the highest temperature, a morphological change can
also be observed in the form of surface roughness (see
Figure 2f), probably due to volatiles release and rearrangement
phenomena.”®

On the other hand, the HRTEM images presented in Figure 3
provide valuable information on the degree of ordering and the
growth of the pseudographitic domains during the thermal
annealing. VS-500 exhibited an amorphous and disordered
structure, without observing clear patterns or pseudographitic
domains. When the temperature raised to 800 and 1000°C
(Figure 3b and c), an increasing formation of pseudographitic
domains with randomly oriented stripes was observed, as well
as the presence of a certain mesoporosity. Some interlayer
distances (dy,) were determined from the HR-TEM images and
were found to be higher than 0.37 nm, therefore suitable for
accommodating sodium ions through the insertion/desertion
mechanism. Several values of dy, were even higher than
0.40 nm, enabling pseudoadsorption of Na® according to the
extended adsorption-insertion model.?”

After heating up to 1200°C, a full ordered pseudographitic
HC with interlayer distances between 0.37 and 0.40 nm was
obtained (see Figure 3d). Small graphitic domains (dyp,=
0.336 nm) in the carbon edges were also found (as shown in
Figure 3e). The increasing structural ordering with temperature,
promoted by strong van der Waals interaction between

Batteries & Supercaps 2023, €202300233 (4 of 13)

Table 1. Results from biomass constituents, proximate, ultimate, and ash
composition analysis of vine shoots.

Lignocellulosic constituents and extractives [wt.% in dry basis]

Hemicelluloses 248+1.6
Cellulose 342+1.9
Lignin 203+14
Extractives 4.54+0.37
Proximate analysis [wt. %]

Moisture 7.97+£0.68
Ash (dry basis) 1.08 +0.05
Volatile matter (dry basis) 74.04+1.19
Fixed carbon (dry basis) 249+1.91
Ultimate analysis [wt.% in daf basis]

C 47.1+£0.14
H 5.29+0.09
N 0.66+0.05
O (by difference) 47.0

Inorganic matter as equivalent oxides [wt.% of ash]

Cao 58.3+0.25
K,0 184£0.12
MgO 6.66+0.14
Sio, 5.73+£0.08
Fe,0; 3.51+0.11
ALO, 2.574+0.07
P,0, 1.24£0.04
PbO 0.26£0.02
S (inorganic) 0.60+0.03
Cl (inorganic) 0.4840.02
MnO 0.53+£0.03
Zn0O 0.32+£0.02
Sn0O, 0.26+0.02
TiO, 0.34+0.02
CuO 0.09+0.01

adjacent graphene layers, could enhance the electronic con-
ductivity of produced HCs, resulting in improved electrode
materials.””” When the carbonization temperature was further
increased to 1400°C, more of these full graphitized domains
appeared (see Figure 3f). In spite of the expected improvement
in conductivity, the smaller interlayer distances of these
domains could hinder the intercalation of sodium ions, leading
to a decrease in the availability of storage active sites.*® Fast
Fourier transform patterns (given in Figure S5) also corrobo-
rated the increasing ordering and degree of graphitization with
an increasing carbonization temperature by showing more well-
defined diffraction rings.

With regard to XRD results, Figure 4(a) shows the patterns
obtained for the VS-derived HCs. Table 2 reports the parameters
obtained using the Bragg and Scherrer equations, which seem
to be in agreement with the results from both SEM and HR-TEM
images. As can be deduced from Table 2, an increase in the
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Figure 2. SEM images of a-c) VS-500, d) VS-1000, and e and f) VS-1400 carbons.

Table 2. Structural characteristics of HCs from XRD and Raman analyses.

From XRD From Raman
dooa L L, n Api/Ag L, [nm]
[nm] [nm]  [nm]

VS-800 0.382 0.892 2573 2338 7.458+0.152 2.598+0.053

VS- 0.379 0886 2.991 2338 529140075 3.661+£0.051
1000
VS- 0.377 1.026 3789 2723 4.185%£0.147 4.632+0.165
1200
VS- 0.372 1129 4110 3.035 3.384+0.086 5.727+0.146
1400

highest carbonization temperature led to higher degrees of
graphitization, with a gradual increase in the lengths of the
pseudograpitic domains as well as in the number of stacked
graphitic layers. In addition, a slight decrease in the average
interlayer distance was observed, although the lowest d,, value
still remained above the minimum value for sodium intercala-
tion (0.36 nm). Figure 4(b), for its part, displays the Raman
spectra for a given sample (VS-1200; see the rest of spectra in
Figure S.6), whereas Table 2 reports the Ap,/Ag ratios and L,
values. The progressive decrease in the Ap,/A ratio (from 7.458
for VS-800 to 3.384 for VS-1400) is also consistent with the
previous findings. Since the deconvoluted D1 band (ca.
1350cm™") and G band (ca. 1590cm™') are assigned to
amorphous carbon domains and graphite-containing carbons,
respectively, a lower Ap,/Ag ratio can be ascribed to a higher
ordering of carbon structure.

Batteries & Supercaps 2023, €202300233 (5 of 13)
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From Figure 4(c) and Table 3, which displays the CO,
adsorption isotherms at 0°C and the textural features deduced
from them, respectively, it can be deduced a sudden increase in
microporosity when the second carbonization step took place
at 800°C, probably due to the decomposition of some
unreacted biomass polymers (mainly lignin derivates) and the
subsequent release of small hydrocarbon molecules.***” How-
ever, when the highest temperature was gradually increased, a
slight decrease in ultra/microporosity was first observed for the
VS-1000 sample, followed by a loss of practically all the ultra/
microporosity for the VS-1200HC, and a nondetectable surface
area for the VS-1400 carbon. The loss of microporosity for the
last two HCs could be explained by the fact that thermal
annealing at higher temperatures induce graphene layer
organization (i.e., ordering), resulting in the shrinkage of narrow
micropores.”'*? At higher enough temperatures, the carbon

Table 3. Surface areas and micropore volumes of the HCs deduced from
CO, adsorption isotherms.

Surface area Surface area Pore volume

BET [m*’g™ ] NLDFT [m?g "] NLDFT [cm?g "]
VS-500 101 85.4 0.031
VS-800 154 140 0.047
VS-1000 130 85.2 0.036
VS-1200 3.13 0.387 1.6x107*
VS-1400 - - -
VS-1200-UW 6.05 220 1.0x10°3
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Figure 3. HR-TEM images of a) VS-500, b) VS-800, c) VS-1000, d and e) VS-1200, and f) VS-1400 carbons.

can also undergo plastic transformations due to melting and
sintering processes, leading to additional pore closing and
smooth and compact surfaces.®® The pore size distribution
plots and pore volume histograms are available in Figures S7
and S8, respectively. As can be observed from both figures, the
VS-500 HC exhibited a bimodal pore size distribution, with a first
peak at ca. 0.6 nm (ultramicropore region) and a second one at
ca. 0.8 nm (narrow micropore region). Regarding the VS-800
sample, it also exhibited a bimodal distribution, with higher
contribution from ultramicropores smaller than 0.6 nm. Finally,

Batteries & Supercaps 2023, €202300233 (6 of 13)

a certain pore widening (from narrow ultramicropores to
micropores) was observed for the VS-1000 HC.

Concerning the elemental composition on surface of HCs,
Figure 4(d) shows the results from the EDX mapping measure-
ments (the related spectra are available in Figures S9-513),
which clearly indicate that the HCl-washing treatment allowed
to remove almost all the calcium, potassium, and magnesium
contained in the raw char (VS-500-UW). A gradual decrease in
the amount of oxygen with the increasing highest carbon-
ization temperature was also observed, from 12.36% (VS-500)
to 3.16% (VS-1400) (see Table S1 for more details). This finding
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Figure 4. a) XRD patterns, b) Raman spectra deconvolution for the VS-1200 sample, c) CO, adsorption isotherms at 0°C, d) elemental composition from EDX,

and results from deconvolution of XPS spectra for €) C1s and f) N1 s regions.

is consistent with the expected progressive loss of O-containing
functional groups on surface. Nevertheless, results from XPS
measurements (see Table S2 for estimated quantification of
peaks), did not fully agree with the above-mentioned EDX
elemental mapping results. From the deconvoluted spectra for
high-resolution XPS C 1s regions given in Figure S14 (see also
Figure 4e), it can be seen that the area of the peak attributed to
C—0/C—N bonds reached its maximum value for the VS-800HC.
The unexpected lower area obtained for the same peak for the
intermediate char (VS-500) could be ascribed to the deposition

Batteries & Supercaps 2023, €202300233 (7 of 13)

of secondary char (from volatiles recondensation or repolymeri-
zation, with low oxygen content) on the surface of the nascent
char during pyrolysis. Regarding the nitrogen-containing
groups, Figures 4(f) and S15 clearly show the transformation of
pyrrolic and pyridinic N into more stable quaternary N when
the highest carbonization temperature increased from 800 to
1000°C.”¥ For higher carbonization temperatures (i.e., 1200 and
1400°C), no N-containing surface groups were detected. The
absence of pyrrolic and/or pyridinic N-containing moieties can
result in lower slope capacity contributions, since they can
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enhance the reversible adsorption of Na ions due to their
electron deficient nature.*>*®

Electrochemical performance

The acquired cyclic voltammetry (CV) curves for the first three
discharge/charge cycles are shown in Figure 5. The pair of
sharply redox peaks appearing ca. 0.01 and 0.2V (for HCs) can
be mainly attributed to the reversible insertion/extraction of Na
ions, respectively,”” although filling of pores with Na ions could
also take place in this voltage range. As expected from the
physicochemical characterization results, no intercalation-dein-
tercalation processes were discernable for the VS-500 inter-
mediate char, due to an insufficient degree of graphitization

(and related poor conductivity). The current response occurring
at higher voltages is generally attributed to pseudocapacitive
phenomena on surface (i.e., slope region). On the other hand, a
broad peak was observed between 0.1 and 1V in all the
samples during the first discharge (cathodic current). This can
be ascribed to SEI formation as well as to irreversible adsorption
of Na* in defects and functional groups.”” This irreversible
capacity gradually decreased with increasing carbonization
temperature (see dotted area in Figure 5), probably due to a
lesser extent of irreversible adsorption of Na ions on surface
functionalities. The almost overlapped CV profiles measured for
the 2™ and 3" cycles also reveal the stability of the formed SEI
layer and high-capacity retention of the HC-based anodes.
Figure 6 shows the first 5 galvanostatic discharge/charge
cycles at an intensity of 0.03 Ag™" for all the produced HCs. The
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Figure 5. CV curves of the first three cycles for a) VS-500, b) VS-800, c) VS-1000, d) VS-1200, and e) VS-1400.
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Figure 6. Galvanostatic dis/charge profiles at a current rate of 0.03 Ag™~' for a) VS-500, b) VS-800, c) VS-1000, d) VS-1200, and e) VS-1400. f) Plateau and slope

region contribution during the 1* sodiation.

aforementioned two voltage regions are observed: a plateau
region from 0.01 to ca. 0.1 V (mostly associated with intercala-
tion processes) and the slope region from 0.1 to 2.5V (related
to faster surface phenomena). In consonance with the CV
results, VS-500 shows the worse capacity values (~50 mAhg™)
and no plateau region contribution. Moreover, the low ICE
observed (12.7%) was explained by the irreversible adsorption
of Na ions on surface during the first discharge process.

Among all the synthesized HCs, VS-1200 exhibited the best
sodium storage performance at 0.03 Ag~', with first discharge
and charge capacities of 363.4 and 258.9 mAhg™', respectively
(ICE of 71.2%). This good performance can be the result of a
proper balance among degree of graphitization, functional
groups available on surface, and prevalence of some narrow
micropores. The plateau and slope capacity contributions
during the first discharge are shown in Figure 6(f). The observed

Batteries & Supercaps 2023, €202300233 (9 of 13)

gradual increase in the plateau contribution (intercalation
processes in the low voltage range) with the increasing carbon-
ization temperature is consistent with the higher degree of
pseudographitization of high-temperature HCs. Likewise, the
decrease in the slope contribution with the increasing carbon-
ization temperature (and the related loss of functional groups
on surface) also confirms the pseudocapacitive nature of the
sodium storage processes taking place in this voltage region.
Table S3 reports the charge specific capacity and coulombic
efficiency (CE) values during the first five cycles. The slight
increase in capacity along the first 3-4 cycles observed for the
VS-1200 and VS-1400 HCs can be explained by diffusion
limitations during desodiation (i.e., release of Na ions from
electrode’s bulk was not fast enough) resulting from low or
even negligible ultra/microporosity.
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To assess the rate capability of the produced HC, five
galvanostatic cycles at different current densities were per-
formed using a two-electrode setup. As shown in Figure 7(a),
when the current density was increased, the performance of the
VS-1000, VS-1200 (the best-performing HC at the lowest current
rate) and VS-1400 HCs decreased suddenly due to the slow
kinetics of the intercalation processes. At current densities of
0.1 Ag™' or higher the best-performing carbon was VS-800
(delivering specific reversible charge capacities of 200, 168, 126,
67, and 39mAhg™' at 0.03, 0.06, 0.1, 05 and 1Ag’,
respectively), as a consequence of its intrinsic larger pseudoca-
pacitive contribution. Therefore, given the limited ion diffusion
rate during intercalation, the major slope contribution of the
VS-800 carbon makes it the best candidate for working at high
current rates. Moreover, the relatively high micropore and
ultramicropore volumes available in the VS-800 HC could
provide fast channels for diffusion of Na ions to intercalation
active sites and direct storage sites via pore filling. Tables S4
and S5 display the full results for reversible capacities referred
to the active material mass and the electrode area, respectively.

After 25 discharge/charge cycles at various current rates, 5
additional cycles at the initial current density (0.03 Ag™") were
carried out. From the results shown in Figure 7(a), it can be
seen that similar charge capacities were achieved, indicating a
good stability of active materials when high currents were
applied. In order to check the cycling stability of the VS-1200
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HC, 315 discharge-charge cycles at 0.1 Ag™' were performed
after 5 starting cycles at 0.03Ag™". The resulting charge
capacities plotted in Figure 7b showed a downward trend with
a sawtooth pattern, the latter being probably explained by
certain diffusion limitations during desodiation, as already
explained above. After the 315 cycles, when the current rate
was set to its initial value (0.03 Ag™"), almost the same initial
reversible charge capacity was retained (97 %), indicating an
excellent cycling stability of the VS-1200 HC-based electrode.
The robust stability of the assembled anode was also confirmed
by conducting 1000 cycles at a current rate of 1Ag™' (see
Figure S16a), achieving the same retention capacity of ca. 97 %
upon returning to 0.03 Ag™". To assess the structural stability of
the VS-1200 material, a cross-sectional view of the cycled anode
was captured using SEM (see Figure S16 b-e). In spite of the
formation of the solid electrolyte interface (SEl), neither
fractures in the carbon matrix nor significant alterations in the
morphology of the anode were observed. The noteworthy
stability of the VS-1200 material is further confirmed when its
performance is compared with that of other previously reported
biomass-derived HCs (see Table S6).

The apparent diffusion coefficients (Dy,”) for both sodiation
and desodiation processes, which were calculated from GITT
measurements (the electrode was previously subjected to three
CV scans to allow the formation of the SEI layer), are shown in
Figure 7(c) and (d), respectively (see also Tables S7-S11 for both
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Figure 7. a) Charge specific capacities at various current densities ranging from 0.03 to 1 Ag™, b) cycling performance of VS-1200 for 315 cycles at 0.1 Ag™",
and Dy, " values calculated from GITT measurements along c) sodiation and d) desodiation.
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Dy." and log Dy,” values). From Figure 7(c) (sodiation), three
stages related to different sodiation mechanisms can be
observed along the voltage profile in line with the three-stage
model suggested in the literature.”® A first stage taking place
above 0.1V with fast kinetics can be attributed to surface
adsorption phenomena. Then, the sudden decrease in the
apparent diffusion coefficients at ca. 0.1 V could be ascribed to
intercalation processes. Finally, a third stage with slightly faster
diffusion, and related to micropores and ultramicropores filling
with Na ions, is detected. The fact that the increase in the Dy,
values, in this third stage, was significantly higher for the VS-
1200 HC in comparison with the VS-1400 one, is consistent with
the textural features of both materials discussed above.
Regarding the desodiation process (Figure 7d), the observed
negative peak ca. 0.12 V might be ascribed to deintercalation
processes. The fact that the lowest D,,” values were found for
the most ordered carbons (VS-1200 and VS-1400) was expected,
since their smaller mean interlayer spacing result in higher
diffusion resistance. On the other hand, two small positive
peaks appeared at ca. 0.75 and 0.90 V during desodiation of the
VS-800 HC, and, to a lesser extent, VS-1000 HC. This slight
improvement could be related to the desorption of Na ions
from some surface functional groups.

To assess the influence of the acid-washing step on the
electrochemical performance of the resulting anodes, the VS-
500-UW intermediate char was carbonized up to 1200°C. The
performance of the resulting VS-1200-UW HC using a 2-
electrode setup is compared with that of the VS-1200 HC in
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Figure 8a, which clearly reveals that the unwashed HC per-
formed worse, exhibiting significant lower charge capacities at
all the tested current rates. The CO, adsorption isotherm of the
VS-1200-UW carbon (given in Figure S17) revealed that this
material retained a certain microporosity — in any case, greater
than that of washed VS-1200 HC, as listed in Table 3 — despite
the high carbonization temperature applied. This could be
attributed to the catalytic effect of alkali and alkaline-Earth
metals, which could probably enhanced decomposition of
lignin during the second carbonization step, resulting in a
greater microporosity development due to the emission of
gaseous products and even char activation reactions.”®**® From
the pattern of the apparent diffusion coefficients (during
desodiation) shown in Figure 8b, it can be deduced a faster
adsorption phenomenon in the slope region and the lack of
storage through pore filling (at very low voltages), suggesting
the possible occurrence of parasitic reactions involving the
main inorganic components (Ca, K, Si, and Mg), which could act
as ionic and/or electronic insulators on the carbon surfaces,
hindering the pore-filling sodiation process.”™ It is therefore
proven that the removal of inorganic species by acid washing is
highly recommended to improve the reversible capacity of vine
shoots-derived HCs.

To provide further insights on the effect of using a
simplified two-electrode setup instead of a three-electrode one,
Figure 8(c) compares the charge capacities measured for the
VS-1200 HC. When a low current density was applied
(0.03Ag™") no evident differences between the two setups
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Figure 8. Influence of the acid-washing procedure on a) the rate capability and b) the Dy, values of VS-1200 and VS-1200-UW HCs; c) influence of using a
third electrode (RE) in the rate capability of VS-1200; and d) galvanostatic cycling profile at 0.1 Ag™"' for the VS-1200 HC using two- and three-electrode setups.
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were found. However, when the galvanostatic discharge-charge
cycling was performed at 0.06 and 0.1 Ag™', the use of a two-
electrode cell resulted in a clear underestimation of capacity,
which was of ca. 38% at 0.1 Ag~'. The polarization of the
metallic sodium counter electrode (CE) is attributed to the
development of a passivation layer on its surface during the
discharge process® At high current rates, even a slight
overpotential at the sodium CE/RE is expected to cause the
half-cells to reach the lower cutoff potential prematurely,
thereby hindering the full sodiation of the hard carbon
electrode. From Figure 8(d), which illustrates the CE/RE polar-
ization effect during the discharge-charge profile at 0.1 Ag™', it
can be observed how the use of a two-electrode setup led to a
large systematic error when measuring the plateau contribu-
tion. This error is mitigated at higher intensities (0.5 and 1 Ag™")
since the plateau contribution derived from the sodium
intercalation phenomena was almost negligible at such current
rates (see Figure S18).

Conclusions

An environmentally friendly and low-cost HC material was
synthesized via a simple two-step carbonization approach
(pyrolysis plus further carbonization), which included an acid-
washing step previous to the second carbonization. Vine shoots
have proven to be a good precursor for this purpose, facilitating
their valorization into value-added active materials for large-
scale electrochemical energy storage. The best-performing
highest carbonization temperature was 1200°C as a suitable
balance was achieved between the growth of pseudographitic
domains and the retention of microporosity and surface func-
tional groups. The VS-1200 HC delivered a high reversible
capacity (270 mAhg ' at 0.03 Ag™ "), a more than acceptable ICE
of 71%, and an impressive cycling stability (97% capacity
retention after 315 cycles at 0.1 Ag™"). This performance is
comparable to that reported in the literature for other woody
biomass-derived HCs synthesized at 1400°C, with reversible
capacities in the range of 226-337 mAhg™" at 0.03 Ag~".['6436568
The three-stage mechanism consisting in adsorption, intercala-
tion, and pore filling was also corroborated from combined
GITT measurements and textural characterization outcomes. It is
noteworthy that the specific capacity was clearly underesti-
mated when the simplified (and commonly employed) two-
electrode half-cell setup was used, due to the polarization of
the sodium metal counter/reference electrode. At a current
density of 0.1Ag™', a charge specific capacity of only
108 mAhg™' (38% lower than that measured using a three-
electrode cell) was obtained. Hence, we strongly suggest the
use of three-electrode half-cell setups to assess the rate
capability of active materials having a significant plateau
contribution. Moreover, the observed diffusion limitations of
the electrodes studied here at relatively high current rates
encourage further research on alternative or complementary
activation and/or heteroatom-doping treatments to enhance
the transport of sodium ions and create new active sites on the
surface of the electrode material.
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Three-stage
mechanism

Temperature matters. Despite the
large number of publications
available, a lack of consensus still
exists on the effect of the carboniza-
tion temperature on the textural and
structural features of biomass-derived
carbons. In this respect, an exhaustive
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physicochemical and electrochemical
characterization is reported here, from
which relevant insights on the most
appropriate carbon features toward
effective sodiation-desodiation
processes are provided.
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