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GRAPHICAL ABSTRACT

ABSTRACT

Sodium-ion batteries (SIBs) are considered promising candidates for future grid energy storage, with hard car-
bons emerging as key commercial anode materials. This study presents a novel approach to synthesize N-doped
hard carbons via co-hydrothermal treatment of vine shoots and pig manure and subsequent thermal annealing of
the resulting hydrochar. This method enhances the development of micro- and ultra-microporosity in the syn-
thesized hard carbons, with nitrogen, and to a lesser extent phosphorus and sulfur, introduced as doping ele-
ments. Furthermore, the incorporation of hydrochloric acid during the hydrothermal step promotes biomass
hydrolysis, leading to increased mesoporosity and the formation of microsphere clusters. In the realm of
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electrochemical performance, an investigation into various ester- and ether-based electrolytes has revealed
NaPFg in diglyme as the best formulation, thanks to its thinner and more stable solid electrolyte interface (SEI).
Using this electrolyte, the best-performing electrode showed an initial Coulombic efficiency (ICE) of 73 %, with
reversible capacities of 239, 180, 86, and 57 mAh g’1 at 0.1, 1, 5, and 10 A g’l, respectively. In addition, the
electrode exhibited a remarkable capacity retention of 88 % after 250 cycles as well as a compatible behavior
when paired with a NVPF-based cathode.

1. Introduction

Sodium-ion batteries (SIBs) are positioned as one of the most
promising contenders to lead the next generation of large-scale elec-
trochemical energy storage systems, which are essential for supporting
the integration of intermittent renewable sources into the grid [1].
Nevertheless, the successful implementation of this technology depends
on great part on the development of high-performance anode materials,
as the storage capacity of sodium ions in graphite (using traditional
ester-based electrolytes) is very limited, due to the thermodynamically
unstable nature of sodium-graphite intercalation compounds [2].
Among various intercalation materials, hard carbons (HCs) stand out as
the most promising candidates given their ability to store Na ions in their
surface functionalities, defects, and pseudographitic domains [3].
Furthermore, there is a growing emphasis on HCs derived from biomass
waste resources due to superior reversible capacities and environmental
and cost-effectiveness considerations [4].

Herein, HCs were synthesized through thermochemical processing of
vine shoots, a biowaste from wine-growing regions with an annual
production ranging from 1.4 to 2.0 tons per hectare [5]. To transform
this biowaste into a high-value material, we explored a hydrothermal
treatment followed by a subsequent high-temperature annealing pro-
cess. Biomass-derived hard carbons can preserve the inherent micro-
structure of the plant, resulting in a three-dimensional framework
comprising pores and channels that facilitate electrolyte penetration,
serving as pathways for Na ions and reservoirs for ion buffering [6].
Furthermore, carbon materials from biomass precursors usually possess
a large number of defects and some remaining heteroatoms, together
with randomly oriented pseudographitic domains [7]. The carboniza-
tion temperature plays a critical role in determining the final open and
closed porosity, degree of graphitization, and surface chemistry.
Therefore, for a given biomass feedstock, there exists an optimal tem-
perature range, typically ranging from 1000 °C to 1400 °C, at which the
maximum reversible capacity is achieved [8].

Hydrothermal carbonization (HTC) emulates the natural coal for-
mation process and encompasses several reactions mechanisms,
including hydrolysis, dehydration, decarboxylation, aromatization, and
condensation polymerization [9]. Although hydrochar (i.e., the carbon
material generated by HTC) does not meet the required characteristics to
be used as electrode material, a cascaded HTC-pyrolysis synthesis
approach could lead to engineered carbon-based electrodes. Compared
with the direct pyrolysis strategy, HTC fosters pore enlargement and the
creation of nanosphere domains enhancing the electrode reversible ca-
pacity [10-12]. Furthermore, HTC treatment enables the introduction of
additional chemicals into the aqueous solution to facilitate specific
decomposition or doping reactions. In this context, we investigated the
catalytic role of HCl, as it is known to promote hydrolysis, deoxygen-
ation, and the formation of spherical nanostructures [13].

On the other hand, the use of pig manure as a solvent in HTC is also
assessed in the present study. During the period 2016-2019, more than
1400 million tons per year of farmyard manure were generated in the EU
and UK [14]. Of this, more than 90 % was directly applied to soils as
organic fertilizers. Concerning swine farming, the growing demand for
meat drove a notable 25 % increase in pig numbers from 2010 to 2018,
especially within highly intensive systems [15]. This entails an envi-
ronmental challenge since pig production is considered a major
contributor to global environmental concerns like carbon footprint,

freshwater eutrophication, and ecosystem acidification [16]. In addi-
tion, its direct soil application can cause nutrient leaching and the
release of toxic elements such as pathogens, antibiotics, and heavy
metals [17]. Several recent studies also corroborate the prevalence in
pig manure of bacteria with antibiotic resistance genes, posing a risk to
both food safety and human health [18-20]. Therefore, exploring
alternative treatments and uses for the proper management and valo-
rization of this livestock waste is advisable.

Anaerobic digestion of manure [21], also mixed with biomass [22,
23] has been studied to obtain biogas as well as a solid biofertilizer and
water [24]. However, this process does not reduce the nitrogen content
in the manure, thus failing to address the nitrate contamination issue.
Furthermore, the utilization of ammonia removal systems (e.g., gas
permeable membranes) is required to avoid the inhibition of methane
production [25]. Composting [26,27] is another pathway that can be
used to produce an organic fertilizer through organic matter degrada-
tion, pathogen destruction, and microbial stabilization. Nevertheless,
solid-liquid separation is required to reach the optimal moisture content
(60%-70 %) from the usual one (90%-98 %) contained in farmyard pig
manures, what attached to long composting times, required abatement
steps, and the release of sulfur volatiles and greenhouse gases [28,29],
make this technology unattractive to be implemented at large scale.

Hydrothermal carbonization of pig manure—dried and mixed with
other biomass feedstocks—has also been studied to produce hydrochar
as solid fuel [30-33]. In addition, HTC offers a sustainable solution for
converting these waste streams into more stable and valuable products
such as biocarbons and biofertilizers, preventing the natural decompo-
sition or fermentation of biomass and related CO, and CH4 emissions.
Recently, Ferrentino et al. [34] conducted a HTC study for the agro-
nomical valorization of pig slurry, yielding a rich-carbon liquid fraction
with appropriate contents of micronutrients, phosphorus, and nitrogen
for fertigation; thereby mitigating the risk of eutrophication. Further-
more, in accordance with other authors [35-37], a significant portion of
phosphorus and heavy metals coming from the manure are sequestered
within the resulting hydrochar.

Regarding the carbon footprint, a life cycle assessment (LCA) per-
formed by Owsianiak et al. [38] found that the carbon sequestration
related to the hydrochar production should at least outweigh the global
warming potential (GWP) derived of the manufacturing process and
transportation to agricultural soils, while the environmental benefits
notably increased when the hydrochar replaces less efficient biowaste
management options like composting. Another LCA conducted by Ciceri
et al. [39] estimated that producing one ton of hydrochar avoids CO4
equivalent emissions in the range of 6.5-8.3 tons by taking into account
activities related to coal mining, waste landfilling, and fossil fuel sub-
stitution. When pig manure was the raw biomass, the environmental
benefits in terms of carbon sequestration can also be imperative. Davi-
son et al. [40] calculated that the production of pig manure-derived
hydrochar at 200 °C in the European Union could annually mitigate
17.16 million tons of COa.eq, increasing to 20.89 million tons with
co-processing with grass.

The increasing interest in HTC technology for treating biomass ma-
terials has prompted numerous studies utilizing pilot plants to test and
refine industrial processes in recent years [41-45]. Simultaneously,
companies such as CarboREM SRL [46], OxyPower HTC™ [47],
HTCycle AG [48], and TerraNova Energy GmbH [49] have developed
industrial-scale continuous operating plants for hydrochar production.
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Notably, Ingelia SL, after constructing its first industrial HTC plant (TRL
9) in 2010, which was capable of processing 6000 tons of biomass per
year, now designs and installs modular HTC reactors—operating at 20
bars and 210 °C—under demand [50,51]. In 2021, the International
Energy Agency (IEA) evaluated the feasibility of Ingelia’s technology,
projecting a plant capable of treating 78,000 tons/year of biowaste (70
% moisture content) and producing 15,400 tons/year of hydrochar.
With a market price for hydrochar at 180 €/ton, the project estimated an
internal rate of return (IRR) of 18.7 %, capital expenditure (CAPEX) of
351 €/ton of waste, and operational expenditure (OPEX) of 20 €/ton of
waste, which aligns with market drivers [39]. This indicates that HTC
for biomass wastes is a relatively mature technology that could be
widely implemented in the short to medium term.

With all the above in mind, the present study aims to investigate, for
the first time, the electrochemical behavior of vine shoot-derived
hydrochars, produced using pig manure as the hydrothermal medium,
as negative electrodes for SIBs. It is anticipated that pig manure, in
addition to serve as solvent in the hydrothermal treatment, can effec-
tively introduce N, P, and S heteroatoms into the structure of the
resulting HC, thus enhancing its electrochemical behavior. Producing
high-performance carbonaceous anodes from biomass-derived hydro-
chars would make the HTC process economically more attractive, sup-
porting the valorization of agronomic residues into environmentally and
agronomically beneficial products.

2. Experimental section
2.1. Materials

Vine shoots (Vitis vinifera L.), herein referred as VS, of the Cabernet
Sauvignon variety were collected in the wine region of Somontano
(Huesca province, Spain) and used as carbon precursor. The raw biomass
was crushed to obtain a particle size below 0.7 mm. As documented in a
previous study [52], proximate and elemental analyses, X-ray fluores-
cence (XRF) spectroscopy, and determination of key biomass constitu-
ents (hemicelluloses, cellulose, and lignin) were conducted. The pig
manure was supplied by a finishing farm also located in the province of
Huesca and the water content and chemical composition were deter-
mined using vacuum drying, elemental analysis, and XRF, respectively.

2.2. Production of hard carbons

Vine shoots-derived hard carbons were produced via a two-step
carbonization approach as shown in Fig. S1 (Supplementary Informa-
tion). First, 15 g of vine shoots were hydrothermally treated (in 50 g of
DI water) for 12 h at 180 °C in a 100 mL volume PTFE-lined stainless-
steel autoclave (Huanyu ZHT-172C) under autogenous pressure. The
material was then collected through vacuum filtration and dried at
100 °C for 12 h. The obtained hydrochar was then placed in an alumina
boat and carbonized at a heating rate of 5 °C min~! up to 800, 1000 or
1200 °C (soaking time at the highest temperature of 2 h). For this pur-
pose, a tubular mullite-made reactor inserted into a furnace (Carbolite
TF1 16/60/300) under an Ar atmosphere was employed. The obtained
HC was then grounded to powder (particle size below 90 pm), washed
with a HC solution (2 mol dm~%) for 2 h at room temperature, and
subsequently rinsed with DI water until neutral pH was achieved. The
final product was denoted as HTC-x, where x refers to the highest
carbonization temperature.

When pig manure was used as HTC solvent, the same procedure was
followed using 50 g of manure instead of 50 g of water. In this case, the
final product was denoted as HTCpan-x. Finally, additional HCs (HTC-
1000ac and HTCpan-1000ac) were hydrothermally pretreated using a
HCI 0.5 mol dm ™2 solution of water and pig manure, respectively.
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2.3. Characterization of produced hard carbons

Morphological assessment of HCs was conducted using an Inspect-
F50A scanning electron microscope combined with energy dispersive
X-ray spectroscopy (SEM-EDX) from FEI (The Netherlands). Further
examination of carbon structure was carried out through high-resolution
transmission electron microscopy (HR-TEM) using an image-corrected
Titan microscope (FEI, The Netherlands), operating at 300 kV and
equipped with a SuperTwin® objective lens and a CETCOR Cs-objective
corrector from CEOS Company, enabling a point-to-point resolution of
0.08 nm. Interplanar distances were measured from HR-TEM images
using Digitalmicrograph® software. X-ray photoelectron spectroscopy
(XPS; AXIS Supra instrument from Kratos Analytical Ltd, UK) was
employed to investigate heteroatom-containing functional groups on
surface.

Structural characterization involved X-ray powder diffraction (XRD;
Empyrean instrument from Malvern Panalytical, UK, A = 0.154 nm) and
Raman spectroscopy (Alpha 300 model from WITec, Germany, A = 532
nm). The XRD spectra were used to calculate the interlayer space be-
tween graphene layers (dyo2), 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) using the Bragg’s law and
Scherrer’s equation. Raman spectra were analyzed by deconvolution
into one Gaussian-shaped band (D3) and four Lorentzian-shaped bands
(G, D1, D2, and D4), according to the methodology suggested by
Sadezky et al. [53].

The meso- and microporosity of HCs were estimated based on Ny
adsorption isotherms at —196 °C (using an Autosorb-iQ-XR2 analyzer
from Quantachrome, Anton Paar, Germany) after outgassing the sam-
ples at 150 °C for 8 h under vacuum. Specific surface area was calculated
using the Brunauer-Emmett-Teller (BET) model, and pore size distribu-
tion was determined through a Non-Local Density Functional Theory
(NLDFT) model implemented in the QuadraWin 6.0 software. The
ultramicroporosity of HCs was estimated from CO; adsorption isotherms
at 0 °C using the same instrument and a NLDFT model.

2.4. Electrochemical characterization

The electrochemical performance of active materials was assessed
utilizing a three-electrode Swagelok T-cell prototype (for more details
review our previous paper [54]). The working electrode was composed
of 80 wt% hard carbon, 10 wt% acetylene black (conductive agent), and
5 wt% styrene-butadiene rubber (SBR) and 5 wt% sodium carbox-
ymethyl cellulose (Na-CMC) as binders. A homogeneous slurry was ob-
tained by mixing with DI water under vortex agitation. Then the
electrode was coated on aluminum current collector (16 pm thickness)
with a controlled thickness of 100 pm and a final mass loading of 2.36 +
0.09 mg cm 2. Finally, 12 mm diameter electrodes were obtained after
punching and vacuum drying at 120 °C overnight.

The Swagelok cells were assembled in an Ar-filled glovebox from
Mbraun (Germany) with Oy and HyO contents less than 0.5 ppm. Two
sodium metal discs of 12 mm and 5 mm diameter were used as counter
and reference electrodes, respectively, and two 190 pm thickness glass
fiber filters (Prat Dumas, France) were employed as separator. The
electrolyte (200 pL) was composed of a NaTFSI solution (1 mol dm %) in
a mixture (1:1 vol) of dimethyl carbonate (DMC) and ethylene carbonate
(EC). Additional electrolyte formulation was also employed for com-
parison purposes: 1 mol dm~2 solutions of NaFSI and NaPFg in both
diglyme (DGM) and EC:DMC. Full cells were assembled in the same
setup using a NagVy(PO4)2F3 (NVPF) cathode provided by group of Prof.
Ruffo [55], employing an anode/cathode specific capacity ratio of 0.04.

Electrochemical measurements were carried out using a SP-200 (Bio-
Logic, France) and a BT-2000 (Arbin, USA) potentiostats within a tem-
perature range of 19-22 °C and following a 5-h rest period. Galvano-
static charge/discharge (GCD) cycling was conducted within a potential
window of 0.01-2.5 V (vs. Nat/Na), whereas the cyclic voltammetry
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Table 1
Results from ultimate and ash composition analysis of dried pig manure.

Ultimate analysis (wt. % in daf basis)

C 29.93 £ 0.80
H 3.56 + 0.17
N 2.43 +0.01

S 0.34 + 0.03

Inorganic matter as equivalent oxides (wt. % of ash)

K,0 55.59 + 0.48
cl 18.76 + 0.20
Nay0 9.88 + 0.33
Ca0 8.20 £ 0.14
P,Os 2.46 + 0.08
S 2.00 £ 0.07
Si0, 0.98 + 0.05
MgO 0.80 + 0.01
Fe;03 0.53 £ 0.03
Cu0 0.30 £ 0.02
Zno 0.13 + 0.003
AL,O3 0.12 £ 0.014
MnO 0.08 £ 0.004

Other metals 0.35 + 0.022

profiles were collected at a scan rate of 0.1 mV s~ from 0.01 to 2 V.
Galvanostatic intermittent titration (GITT) measurements were per-
formed at a current density of 30 mA g1, a pulse time of 20 min, and
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relaxation periods at open circuit of 1 h. To assess the interfacial
behavior of the electrodes, electrochemical impedance spectroscopy
(EIS) measurements were performed during the first and tenth cycles (at
E = 0.5 V). Measurements were taken with an AC amplitude of 10 mV
across a frequency range from 200 kHz to 10 mHz.

3. Results and discussion
3.1. Features of the biomass source

The vineshoots employed in this study originate from the same batch
employed in our preceding study [56]. This biomass, possessing a lignin
content of 20.3 wt%, has proven to be a suitable precursor for the py-
rolytic production of HC anodes for SIBs. The relatively elevated lignin
content facilitates a certain degree of ordering while averting excessive
graphitization. Furthermore, the low ash content of this biomass (1.08
wt%) renders it an appealing material for electrochemical applications.
Regarding pig manure, the dry matter content post vacuum oven drying
stands at 3.5 %. The chemical composition of the solid fraction is pre-
sented in Table 1, with nitrogen and sulfur contents determined as 2.43
and 0.34 wt%, respectively. Concerning inorganic matter, the elements
detected via XRF fall within the expected range for other swine manures
produced in Spanish pig farms [17]. Note the elevated content of inor-
ganic species derived from the pigs’ diet (e.g., K, Na, Ca, and P), along

Fig. 1. SEM images of HTC-800 (a), HTC-1000 (b), HTC-1200 (c), HTC-1000ac (d) and (e), HTCpan-800 (f), HTCyan-1000 (g), HTCpyan-1200 (h), and HTCpan-

1000ac (i).
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with the presence of certain heavy metals such as Cu and Zn, typically
included in the feed as growth promoters.

3.2. Physicochemical characterization of HCs

Throughout the hydrothermal carbonization of biomass numerous
reactions occur, yet the process is primarily governed by the hydrolysis
reaction owing to its comparatively lower activation energy. Conse-
quently, and in increasing order of temperature, ester and ether bonds
within hemicellulose, cellulose, and lignin break down into smaller
fragments. Subsequent dehydration and decarboxylation reactions also
take place, responsible for reducing the H/C and O/C ratios [57]. Fig. 1
presents representative SEM images of all the HCs synthesized in this
study. After HTC in water at 180 °C and successive carbonization at
800-1200 °C (see Fig. 1a—c) the biomass intrinsic support and transport
structures remained. The preservation of these channels, macropores,
and honeycomb-like structures becomes crucial since significantly
contribute to the electrochemical performance of HCs. This is made
possible by the high lignin content in the surrounding tissues, this
polymer being the least susceptible to hydrolysis, with required
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temperatures above 250 °C [58]. On the other hand, as can be seen in the
enlargements of SEM images, the most soluble carbohydrate compo-
nents were transformed into new soft-shaped/spherical surface forms
attached to the main structure’s surface. When HCl was added in the
hydrothermal step, discernible alterations in the morphology of pristine
biomass were evident. For instance, cavity expansion and deformation
of lignin-rich honeycomb complex walls, due to partial hydrolysis, can
be observed in Fig. 1d, particularly in the upper-left corner. The acidic
(HCI) hydrothermal medium also led to further fragmentation and the
formation of discrete microspheres (see Fig. 1e).

The use of pig manure as hydrothermal medium resulted in the
formation of new aggregates attached to the surface of the VS-derived
carbon (see Fig. 1f), including some isolated microspheres. This can be
explained by the relatively high proportion of soluble and easily
accessible molecules for hydrolysis (such as proteins, carbohydrates,
and fats) available in pig manure. In addition to these aggregates and
microspheres adhered to the surface, the hydrothermal carbonization of
pig manure can also lead to the formation of self-supported structures
with lengths of up to 100 pm, as observed in Fig. 1h. Owing to the
elevated soluble carbohydrate content, these molecules engender

Fig. 2. HR-TEM images of HTC-800 (a), HTC-1000 (b), HTC-1200 (c), and HTC-1000ac (d).
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complexes characterized by spherical morphologies and smooth con-
tours, more akin to those derived from sugars and lipids [59,60]. When
hydrochloric acid was used, the formation of microsphere clusters was
enhanced (see Fig. 1i). The accumulation of microspheres results in a
higher number of voids and conduits, which can create numerous paths
for electrolyte permeation and establish a buffering zone for Na ions
during desodiation.

HR-TEM images furnished insightful details regarding the degree of
ordering at the subnanometric scale, morphologies, and growth of
pseudographitic domains, as shown in Fig. 2 for HCs produced via HTC
in water (Fig. 2a—c) and diluted hydrochloric acid media (Fig. 2d). With
the elevation of the carbonization temperature, an increased degree of

Journal of Power Sources 614 (2024) 235043

ordering was observed, coupled with a substantial development of
closed porosity (see, for instance, Fig. 2b for the HTC-1000 sample). For
the HTC-1000ac material (Fig. 2d), the presence of spherical forms
promoted by the acidic medium were clearly visible, along with the
voids generated between them. It is noteworthy that, for all HCs, the
interlayer distances tend to exceed 0.37 nm, making them suitable for
accommodating Na ions through the intercalation-deintercalation
mechanism. Using HCI during the hydrothermal treatment appears to
expand further these interlayer spaces, reaching dyo, values greater than
0.4 nm, allowing the pseudoadsorption of Na ions according to the
extended adsorption-insertion model [61]. HR-TEM images at lower
magnification are also available in Fig. S2, showing a partial chemical

Fig. 3. HR-TEM images of HTC,,,-800 (@), HTCy,an-1000 (b), HTCp,an-1200 (c), and HTCy,an-1000ac (d).
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reconstitution of the biomass into a sponge-like morphology, particu-
larly under acidic hydrothermal conditions.

The HCs produced through HTC using pig manure as medium were
also characterized via HR-TEM. Fig. 3a and b depict a carbon particle
derived from the organic constituents of pig manure in the HTCy,5,-1000
sample. Within the matrix of a relatively amorphous carbonaceous
structure, the conspicuous presence of well-ordered domains (with dygz
values lower than 0.3 nm) is noteworthy. The existence of these well-
ordered regions could be attributed not only to the nature of soluble
organic substances in the manure, but also to the catalytic role of
existing metals. On the other hand, when the magnification was taken
from a vine shoot-derived particle (see Fig. 3c and d), the observed
morphology closely resembled that found in HTC-1000, featuring a
semi-ordered structure composed of groups of stacked graphitic layers.
Lastly, when the hydrothermal process was conducted under acidic
conditions (HTCpan-1000ac), it resulted in rounded carbon structures
exhibiting the aforementioned sponge-like morphology (Fig. 3e and f).
Enlarging this image reveals the presence of numerous pseudographitic
domains with interlayer distances exceeding 0.440 nm, confirming the
role of HCl in further expanding the interlayer spacing.

Concerning the XRD outcomes, Fig. S3 displays the patterns obtained
for hard carbons. Two peaks are distinctly evident around 23° and 43°,
aligning with the (002) crystal plane of graphitic sheets and the (100)
plane of sp?-hybridized hexagonal carbons, respectively. Table 2 reports
the parameters calculated using the Bragg’s law and Scherrer’s equa-
tion, indicating consistency with the observations derived from both
SEM and HR-TEM images. Regardless of the solvent used, an increase in
the carbonization temperature led to higher degrees of graphitization (i.
e., increased lengths of the pseudograpitic domains), more stacked
graphitic layers, and a slight reduction in the dygy average interlayer
distance. In addition, it is worth noting how the hydrothermal pre-
treatment of vine shoots appears to contribute to an increase in L,
values, in comparison with those reported in our previous study [56] for
VS-derived HCs produced via slow pyrolysis and subsequent carbon-
ization. Table 2 also lists the structural parameters calculated from the
deconvoluted Raman spectra (available in Figs. S4 and S5). The values of
both Ap;/Ag and L, were consistent with the XRD findings explained
above.

The CO5 and N3 adsorption isotherms for produced HCs are shown in
Fig. S6. In line with the findings reported by Nieto et al. [62], the BET
specific surface areas reported in Table 3 clearly indicate that the hy-
drothermal pretreatment of vine shoots promoted the development of
both micro- and ultra-microporosity in the resulting HC, in comparison
with the direct carbonization approach. For instance, HTC-800 yielded a
CO, BET surface area of 445 m? g~} significantly surpassing the 154 m?
g~ ! obtained in the above-mentioned previous study for a HC produced
via carbonization at 800 °C without HTC pretreatment [56]. Table 3 also
delineates the volumes of ultramicro-, micro-, and mesopores. In general
terms, the use of pig manure did not seem to exert a great influence on
the final porosity. However, its effect was dependent on the highest
carbonization temperature. An increase from 800 to 1000 °C appears to
yield minor changes, except for a slight decrease in microporosity and a
minor increase in mesoporosity, which can likely be attributed to the
collapse of some structures resulting in larger cavities. When the highest
temperature rose further to 1200 °C, almost all ultramicropores dis-
appeared, as thermal annealing induced the organization of graphene
layers, leading to the contraction of narrow micropores, and even pro-
moting melting and sintering processes [46]. When hydrochloric acid
was used during the hydrothermal pretreatment (for both water and
manure solvents), a marginal increase in the formation of ultra-
micropores was observed for a given carbonization temperature; how-
ever, HCl clearly promoted the development of a mesopore-rich
structure, hitherto nonexistent, as observed in the pore size distribution
plots available in Fig. S7.

With regards to the surface elemental composition, Fig. S8 displays
SEM-EDX mapping measurements of HTCp,a-x materials, highlighting,
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in pink, the aggregates derived from pig manure and, in green, the
particles originating from vine shoots. For HCs carbonized at 800 and
1000 °C (Figs. S8a and S8b), it can be observed that the aggregates from
pig manure exhibited a high N content (13%-15 %) and minor amounts
of P and S. It is noteworthy that even at the highest temperature
(1200 °C, Fig. S8c), in addition to the distinctive laminar and rugged
morphology, the N content in this pig manure-derived complex
remained around 10 %. This suggests that pig manure can be used as a
green pathway for the heteroatom doping of lignocellulosic carbons.
Nonetheless, with the addition of HCI (Fig. S8d), the availability of N
and other heteroatoms on surface diminished dramatically. In agree-
ment with Xie et al. [63], the catalytic role of HCI during the hydrolysis
of organic matter could result in an enhanced transport of nitrogen and
phosphorus from the solid to the liquid phase.

X-ray photoelectron spectroscopy (XPS) was employed across C 1s, N
1s, 0 1s, S 2p, P 2p, and Ca 2p regions to unravel the surface chemistry of
hard carbons (see Figs. S9-S16 for relevant spectra). Elemental contents
derived from the survey XPS spectra revealed a high carbon content
exceeding 93 at.% in all samples, alongside an increase in the quantities
of nitrogen, phosphorus, and sulfur in carbons synthesized in the pres-
ence of pig manure (see Table S1). Deconvolution of C 1s high-resolution
spectra (see Table 4) indicated that an increase in the highest carbon-
ization temperature resulted in a larger proportion of sp’-bonded C
atoms at the expense of sp>-bonded ones, as well as a decline in C—O
bonds. This behavior is consistent with the gradual reduction in the
number of defects as the carbonization temperature was higher. In
contrast, when HCs were pretreated via HCl-catalyzed HTC, a slight
increase in the proportion of sp> carbons was observed. This is consistent
with the lower degree of graphitization deduced for these HCs from both
XRD and Raman data. Concerning N- and S-containing functionalities
(see Table 5), higher carbonization temperatures imply a progressive
disappearance of oxygenated SOy and N—O bonds, as well as a decrease
in pyridinic nitrogen (N6) at the expense of both pyrrolic nitrogen (N5)
and quaternary nitrogen (QN). It is noteworthy that for all carbons, the
sum of both pyridinic and pyrrolic N was substantially greater than
quaternary nitrogen. This fact could be, a priori beneficial from an
electrochemical perspective, as the former two have a strong affinity
toward Na ions due to their electron-deficient nature [64].

3.3. Electrochemical performance

3.3.1. Performance in NaTFSI/EC:DMC

In this section, the electrochemical performance of the HCs was
assessed using the NaTFSI/EC:DMC electrolyte, a composite electrolyte
featuring an ester-type solvent, which is the current industry standard in
battery technology. Fig. 4 shows the first five galvanostatic discharge-
charge cycles at a current density of 0.1 A g~ for all the produced
HCs. In line with the literature, all the profiles showed a slope region
mainly associated with surface processes (from 2.5 to ca. 0.1 V) and a
plateau region mainly ascribed to filling-pore and some intercalation
phenomena (from ca. 0.1 to 0.01 V). The increase in carbonization
temperature and enhanced ordering of the resulting carbons and
reduction of surface defects, led to an improvement in initial coulombic
efficiency (ICE), with values of 56.1 %, 70.6 %, and 79.4 % for HTC-800,
HTC-1000, and HTC-1200 samples, respectively. Concerning the charge
capacity measured in the 5th cycle, while the transition from 800 to
1000 °C resulted in an increase from 148.5 to 235.6 mAh g™, further
heating to 1200 °C yielded a similar capacity of 233.0 mAh g™!. At this
relatively high temperature, although it increased the capacity associ-
ated with the plateau (see Fig. 4i), it also entailed a loss of reversible
capacity attributed to the adsorption of Na ions on functional groups and
defects. For their part, the carbons synthesized in the presence of pig
manure exhibited slightly higher capacities and an analogous
temperature-dependent behavior (see Fig. 4d—f), with values of 167.1
mAh g71 (ICE = 60.4 %), 248.6 mAh g71 (ICE =71.5 %), and 259.4 mAh
g~} (ICE = 76.3 %) for HTCpan-800, HTCipan-1000, and HTCppan-1200,
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Table 2
Structural parameters of HCs deduced from XRD and Raman spectroscopy.

From XRD From Raman
dooz Le La n Ap1/Ag La [nm]
[nm] [nm] [nm]
HTC-800 0.385 0.887 2.875 2.305 8.053 + 2.387 +
0.037 0.011
HTC-1000 0.381 0.874 3.822 2.294 5.689 + 3.379 +
0.225 0.135
HTC-1200 0.379 0.913 4.303 2.407  4.350 + 4.419 +
0.183 0.186
HTC- 0.381 0.955 3.653 2,510 5232+ 3.675 +
1000ac 0.325 0.223
HTCman- 0.383 0.872 3.068 2.276  8.854 + 2171 +
800 0.526 0.133
HTCman- 0.378 0.934 3.612 2.473 5518 + 3.484 +
1000 0.282 0.175
HTCpman- 0.379 0.916 4.826 2,415 4433+ 4.337 £
1200 0.286 0.271
HTCman- 0.380 0.924 3.470 2.428 5.801 + 3.314 +
1000ac 0.675 0.412
Table 3

Surface areas and micropore volumes of HCs deduced from CO, and N
adsorption isotherms.

Surface area Surface area Pore volume NLDFT [cm®

BET [m? g7!] NLDFT [m? g ]
-1
g ]

Ny CO, N2 CO, Valtra Viic Vines
HTC-800 82 397 59 602 0.122  0.080  0.025
HTC-1000 17 445 15 634 0.127 0.062  0.030
HTC-1200 17 52 14 43 0.005 0.014  0.032
HTC-1000ac 125 450 105 658 0.132  0.094 0.152
HTCrnan-800 139 434 94 657 0.130  0.110  0.024
HTCpnan-1000 23 370 18 533 0.102  0.072  0.033
HTCpan-1200 13 34 11 28 0.004 0.008  0.027
HTGCpan-1000ac 110 452 92 655 0.128  0.094 0.132

respectively. Finally, the use of hydrochloric acid during the hydro-
thermal process resulted in a lower ICE, as well as a decrease in the
capacity of the cycled electrode, yielding values of 182.5 mAh g~ (ICE
= 57.7 %) for HTC-1000ac and 226.4 mAh g’1 (ICE = 53.3 %) for
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processes associated with the solid electrolyte interphase (SEI) forma-
tion. Results shown in Fig. S17 evidences a higher irreversibility for HCs
synthesized under acidic conditions (HTC-1000ac and HTCp,,,-1000ac).
This explains their relatively low ICE values and is consistent with their
relatively high volume of mesopores, where ester-based electrolytes can
infiltrate, react, and promote the formation of decomposition products
building the SEI layers [66]. However, the nearly overlapped CV profiles
obtained from the second cycle onwards seems to confirm the stability of
the formed SEI for all the studied carbons.

To evaluate the rate capability of the HC-based electrodes, five
discharge-charge cycles at various current densities (0.1, 0.5, 1, and 2 A
g~ 1) were conducted. As depicted in Fig. 5a, among the HTC-x carbons,
the one produced at 1000 °C exhibited the best average rate perfor-
mance, displaying reversible charging capacities of 236, 101, 72, 50,
and 229 mAh g’1 when cycled at 0.1, 0.5, 1, 2, and again 0.1 A g’l,
respectively (see all measured capacities in Tables S2 and S3). At 0.1 A
g‘l, the behavior of HTC-1000 was similar to that of HTC-1200, while at
higher current rates, it reached specific capacities similar to those
measured for HTC-800. This could be explained by HTC-1000 having
appropriate features to ensure high contributions from the slope and
plateau regions. For the slope region, its relatively developed micro- and
ultra-microporosity, which was mostly generated during hydrothermal
pretreatment, can enhance the diffusion of Na ions to the active storage
sites. For the plateau region, its sufficient degree of ordering and the
availability of a number of closed pores (see turbostratic closed void
domains in Fig. 2b) can provide a satisfactory number of active sites for
sodium accommodation. The favorable performance of HTC-1000 con-
trasts with the diffusion-related issues observed in our previous study for
a VS-derived HC produced solely by pyrolytic treatment at 1000 °C,
which showed considerably lower capacities of 91, 25, and 12 mAh g~!
at0.1,0.5,and 1 A g_l, respectively [56].

When pig manure was used, the carbon produced at 1000 °C
(HTCpan-1000) also demonstrated the best response across the applied
currents, with charging capacities of 258, 97, 71, 44, and 242 mAh g_1
at 0.1, 0.5, 1, 2, and again 0.1 A g}, respectively (see Fig. 5b). The
improvement in capacity observed at 0.1 A g}, in comparison with
HTC-1000, could be attributed to the aforementioned heteroatom

Table 5
Functional groups quantification (at.%) from N 1s and S 2p XPS spectra regions.

HTCpan-1000ac. N1s 52
The acquired CV curves for HTC-1000, HTC-1000ac, HTCp,an-1000, N6 N5 QN N-O CSC CSC GCSOC
and HTCpan-1000ac are shown in Fig. S17. The two distinctive peaks S22 S22
emerging at approximately 0.01 V (cathodic) and 0.12—0.18 V (anodic) HTC-800 152 60.1 109 139 181 20.6 61.3
can be linked to the reversible insertion-extraction of Na ions within the HTC-1000 142 657 134 861 258 18.8 55.4
graphite-like interlayers, as well as pore filling [65]. The current HTC-1200 819 793 143 318 193 87.0 43.8
b d at higher voltages, broad peak observed between HTC-1000ac 129 669 128 744 - 7 -
response observe gher volages, p Serv W HTCpen-800 280 49.3 189 380 291 144 565
0.25 and 1.0 V, is commonly attributed to pseudocapacitive phenomena HTCpan-1000 214 475 255 558  29.2 18.9 52.0
and adsorption at heteroatoms in the surface of amorphous carbon HTCpan-1200  3.37 534 381 511 477 23.7 28.7
materials. The comparison between the first cathodic scan and the HTCrman- 11.7 617 148 119 418 18.6 39.7
following ones evidences the presence of irreversible reduction 1000ac
Table 4
Functional groups quantification (at.%) from C 1s and O 1s XPS spectra regions.
C1ls O1s
sp>C sp°C c—0 Cc=0 C= C—0—C/COOH C—O(H) H,0/0,
HTC-800 48.6 21.4 15.6 14.4 48.1 43.6 3.79 4.52
HTC-1000 50.0 20.9 12.9 16.2 52.5 38.2 5.07 4.17
HTC-1200 52.1 17.7 11.0 19.3 67.4 20.4 11.5 0.76
HTC-1000ac 47.4 25.0 9.37 18.3 47.4 435 1.98 7.11
HTCpnan-800 49.6 21.7 12.7 16.1 46.3 40.3 11.2 2.18
HTCppan-1000 50.6 21.9 11.4 16.1 48.4 38.4 7.55 5.62
HTCnan-1200 52.1 20.3 12.1 15.5 53.7 33.8 10.7 1.80
HTCran-1000ac 45.2 23.8 14.2 16.8 49.9 39.9 3.57 6.66
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Fig. 4. Galvanostatic dis/charge profiles at a current rate of 0.1 Ag™! for HTC-800 (a), HTG-1000 (b), HTC-1200 (c), HTCnan-800 (d), HTCnan-1000 (e), HTCnan-1200
(f), HTC-1000ac (g), and HTCp,ap-1000ac (h). Plateau and slope region contribution during the 1st sodiation (i).
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Fig. 5. Charge specific capacities at various current densities ranging from 0.1 to 2 A g* (a-b), and Dy, " values calculated from GITT measurements along sodiation

(c) and desodiation (d).

doping (mainly N) of the carbon matrix. Furthermore, the addition of
HCl during the hydrothermal pretreatment further improved the rate
capability, due to the morphological changes discussed above, with
special emphasis on the availability of microsphere clusters, capable of
facilitating diffusion of Na ions during discharge and charge. The
HTCpan-1000ac-based electrode delivered capacities of 226, 111, 86,
64, and 212 mAh g’l at0.1, 0.5, 1, 2, and again 0.1 A g’l, respectively.
Unfortunately, the capacity delivered at 0.1 A g~! decreased by 12.4 %
compared to that of HTCy,,-1000. The reduced capacity can be asso-
ciated with a more resistive SEI formed at the electrode surface, asso-
ciated with the large amount of decomposition during the first sodiation,
leading to a relatively low ICE of 53.3 % for HTCp,an-1000ac (see Fig. 4).

Fig. 5¢ and d shows the apparent diffusion coefficients (D) calcu-
lated from GITT data for both sodiation and desodiation processes. The
working electrode underwent a preconditioning step of 5 CV scans at
0.1 mV s~ ! to facilitate the formation and stabilization of the SEIL The
initial faster stage during sodiation occurring above 0.1 V is primarily
attributed to the adsorption of Na ions on the surface and structural
defects. As all these storage sites are gradually occupied, Na ions begin
to intercalate into the graphite-like interlayers. Since Na ions must
overcome the strong energy barrier from graphitic sheets, the Dy, *
values dramatically decreased at the beginning of the plateau stage
(0.1 V). During this second stage, pore filling (of both open micro- and
ultra-micropores and closed pores) also coexists with intercalation, as
recently reported by Yin et al. in an excellent study [67]. Finally, the
increase in diffusivity observed at ca. 0.05 V (third stage) can be
ascribed to a certain sodium plating in the filled pores [68]. As can be
deduced from Fig. 5c and d, all HCs showed the same kinetic behavior
according to the three-stage mechanism explained above.

To assess the cycling stability of the HCs-derived anodes synthesized

10

at 1000 °C, 250 discharge-charge cycles at 1 A g~' were conducted
following an initial set of 5 cycles at 0.1 A g~*. Surprisingly, the utili-
zation of pig manure during the hydrothermal stage improved the
cycling stability of the resulting carbons, leading to an increase in ca-
pacity retention (i.e., percentage of the initial capacity at 0.1 A g~
measured at the same current rate after 250 cycles at 1 A g~ 1) from 77 %
for HTC-1000 to 92 % for HTCpan-1000 (see Fig. 6). Similarly, HTCpyan-
1000ac also exhibited a significant improvement in capacity retention
with respect to that observed for HTC-1000ac (from 61 % to 81 %). In
light of these results, we hypothesize that carbon fragments derived
from the organic matter contained in the pig manure might play a sta-
bilizing role within the primary carbonaceous matrix. These manure-
derived carbon forms, synthesized in situ on the VS-derived carbon,
can act as a binder, enhancing the structural stability and thereby
minimizing the segregation of carbonaceous particles resulting from
volumetric changes associated to sodiation-desodiation processes.
Doping with nitrogen heteroatoms also enhances the electrical con-
ductivity of the HC and reinforces its structural stability through the
reduction in volume expansion upon sodiation [69,70]. Furthermore,
the presence of well-ordered domains with interlayer distances below
0.3 nm can endow the overall structure with larger stability, since they
can act as scaffolds to accommodate volume changes.

3.3.2. Performance of the best-performing HCs in different electrolytes
The electrochemical performance of both HTCj,,,,-1000 and HTC -
1000ac—the most attractive hard carbons analyzed—were character-
ized employing different ether- and ester-based electrolytes. As a pre-
liminary step, the respective electrodes were prepared using Na-CMC as
the sole binder (10 wt% in the resulting slurry) in order to determine the
suitability of employing SBR as co-binder. The use of SBR in
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Fig. 6. Cycling performance of HTC-1000 (a), HTCy,an-1000 (b), HTC-1000ac (c), and HTCp,an-1000ac (d) for the following sequence: 5 cycles at 0.1 A g’1 plus 250

cycles at 1 A g~* plus 5 cycles at 0.1 A g%,

combination with Na-CMC is widely acknowledged to enhance the
flexibility and adhesion of high loading-electrode coatings. Nonetheless,
an excess of the elastomer (employed to mitigate the brittleness of Na-
CMC) can lead to a decrease in both the electronic conductivity and
porosity of the electrode [71,72]. In this respect, Fig. S18 illustrates how
the use of pure Na-CMC as binder improved the rate capability of both
HTCan-1000- and HTCan-1000ac-based electrodes. Therefore, this
binder was chosen for subsequent experiments in the study.

Glyme-based electrolytes have gained prominence for their ability to
facilitate the intercalation of solvated sodium ions into graphite anodes
through the reversible “co-intercalation mechanism.” Moreover, when
used with HC electrodes, ether-based electrolytes produce thinner and
more compact, stable, and ion-conducting SEI layers than ester-based
electrolytes, which a priori should enhance the electrochemical
behavior of HC electrodes [73]. To verify the aforementioned assertion,
HTCpan-1000 and HTCpap-1000ac anodes were cycled at different in-
tensities using four new electrolytes—NaPF¢ or NaFSI salts in EC:DMC or
diglyme (DGM) solvents—in addition to the previously used NaTFSI/EC:
DMC.

From the GCD measurements over the first 5 cycles at 0.1 A g™},
which are illustrated in Figs. S19 and S20, it can be deduced that the
NaPFg/DGM electrolyte exhibited the best performance in terms of
coulombic efficiency and storage capacity, with reversible capacities of
227 and 239 mAh g_1 for HTCpphan-1000 and HTCp,an-1000ac, respec-
tively. In addition, using the diglyme solvent also resulted in an
improvement in the ICE of HTCpay-1000ac (see Fig. S21), which grad-
ually increased from 46.4 % (NaFSI), 53.3 % (NaPFg), and 62.9 %
(NaTFSI) in the EC:DMC solvent, to 72.9 % in the NaPFg/DGM elec-
trolyte. Nonetheless, the use of NaFSI salt in the DGM solvent resulted in
a modest ICE of 61.0 % (for HTC,a,-1000ac). In fact, the half-cell failed
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Table 6
Atomic percentage from the survey XPS spectra of HTCy,an-1000ac electrode
cycled in different electrolytes.

C1ls O1s Na 1s F1s S
Pristine 72.6 22.1 4.6 0.7 -
NaFSI/DGM 49.7 29.9 14.4 3.4 2.6
NaPF¢/DGM 53.9 31.9 13.1 1.1 -
NaPFg¢/EC:DMC 47.5 35.9 13.2 3.4 -

after the first 5 cycles, with erratic voltage profiles observed during the
desodiation process (for both HTCpn-1000 and HTCpyan-1000ac, as
shown in Fig. 522). These results are consistent with what was observed
by Goktas et al. [74] for graphite anodes, where the use of NaFSI and
NaTFSI in diglyme led to exfoliation and delamination phenomena of
the carbonaceous electrode because of continuous side reactions with
the electrolyte, in addition to a more resistive interphase on the metallic
sodium counter electrode.

In order to check the influence of the electrolyte on the electrode
surface, SEM images of the HTCp,5,-1000ac-based electrode cycled in
NaFSI/DGM, NaPFg/DGM, and NaPFg/EC:DMC electrolytes (during the
rate capability tests of 40 cycles) were obtained (see Figs. S23-525).
From the images, it can be appreciated that significant differences
existed between the electrode surface film with the ester (EC:DMC) and
those formed with the ether (DGM). The former solvent, owing to its
higher reactivity toward reduction, results in the formation of a porous
film at the electrode surface with a rough morphology, featuring areas
where degradation compounds were accumulated leading to the for-
mation of semi-spherical complexes (see Fig. S23d). It is important to
note that the filaments observed in some images correspond to remnants
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Table 7
Contributions (at. %) of the different peaks from deconvoluted C 1s, O 1s, and F 1s XPS spectra regions of HTC,,,-1000ac electrode cycled in different electrolytes.
Cls O1s F1ls
Cc—C c-O C=0 Na—HC Na—O 0—C 0—C=0 Na—F P—F
/C—H /C=0 /O0-H /O—F
Pristine 49.1 42.8 8.08 - 15.2 56.5 28.4 - -
NaFSI/DGM 74.7 11.5 10.4 3.45 38.2 33.7 28.1 100 -
NaPFs/DGM 69.4 14.9 14.9 1.79 44.1 32.6 23.3 22,5 77.5
NaPF¢/EC:DMC 1.90 56.4 20.7 21.0 38.9 39.8 21.3 3.01 97.0

of the fiberglass separator. Furthermore, although the substantial
amount of product accumulated at the surface, the low quality of the
passivation film leads to the formation of cracks and regions where the
carbon was exposed (Fig. S26d), promoting increased electrolyte
decomposition. In contrast, when DGM was employed as solvent, a
relatively uniform and much thinner passivation film was formed, which
was adhered to the surface of carbonaceous particles while maintaining
porosity among them (see Figs. S24b and S24c). Regarding the use of
NaFSI and NaPFg salts with DGM, upon examining images taken at
higher magnification (Figs. S25b, S25c¢, S26b, and S26c¢), a more pro-
nounced SEI layer was observed when NaFSI was used. In fact, the dif-
ferences between the pristine electrode and that cycled in NaPF¢/DGM
were almost imperceptible due to the low thickness of the formed SEI
This type of compact SEI, dense enough to prevent further electrolyte
decomposition and able to facilitate rapid transport of Na ions, is behind
the improved ICE and high-rate capability.

Since the formed SEI layer contains both organic and inorganic
species resulting from the solvents and salt anions degradation,
respectively [12], surface chemistry characterization of both pristine
and cycled HTCyap-1000ac-based electrodes was conducted using XPS

(see Figs. S27-S30 for obtained spectra). As can be deduced from
Table 6, the contents on surface of F, Na, and O increased after cycling
for all the electrolytes tested, suggesting the formation of SEI layers
composed of both organic and inorganic compounds. For the ester-based
electrolyte (NaPFg/EC:DMC), the lowest C content was measured. This
could be related to a higher extent of side reactions and the resulting
formation of a thicker SEI layer rich in sodium alkyl carbonates [75].
The C 1s region of the pristine electrode was deconvoluted into three
peaks corresponding to C—C and C—H bonds, C—O bonds, and C=0
bonds at ca. 284.8, 286.1, and 288.6 eV, respectively. It should be noted
that the sizeable C—O peak in the pristine material may result from the
Na-CMC binder. For the cycled electrodes, a fourth peak assigned to the
sodiated Na in the HC appeared at a low binding energy of 283.9 eV. The
O1ls peaks at ca. 530.6, 532.3, and 535.2 eV were assigned to Na—O/
C=0, 0—C/O—H, and O—C=0/0—F bonds, respectively, since the
electrolyte salt reduction give rise to these Na—F and O—F inorganic
bonds [76]. The same degradation reaction can also explain the P—F and
Na—F peaks in the Fls spectra at 683 and 686 eV, respectively. The
resulting surface composition of cycled electrodes, given in Table 7,
revealed a notable shift in the nature of the SEI layer depending on the

Fig. 7. Charge specific capacities at various current densities ranging from 0.1 to 10 A g1 (a-b), cycling performance of HTCpaq-1000ac for 250 cyclesat 1 A g ! in
NaPF,/DGM electrolyte (c), and CV curves of the first five cycles of HTCpan-1000ac cycled in NaPFs/DGM electrolyte at 0.1 A g~ (d).
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type of solvent employed in the electrolyte, namely ether or ester. When
employing the EC:DMC electrolyte, the C—C peak was almost unde-
tectable, suggesting a SEI thickness close to the depth reachable by XPS
analysis (approximately 10 nm). Additionally, the higher proportion of
unstable C—O organic groups was probably attributed to the
electrochemically-induced ring opening of EC, leading to the formation
of polyethylene oxide (PEO) oligomeric/polymeric species and the
release of CO, [77]. On the other hand, the increased C—C/C—H peaks
observed for the SEI layers when NaPFs/DGM and NaFSI/DGM solvents
were used are consistent with the primary reduction products of diglyme
sodium alkoxides (RCH,ONa), whereas the decomposition of esters
yields sodium alkyl carbonate (ROCOyNa) [78]. It has been reported
that sodium alkoxides (RCH2ONa) reduce the energy barrier for Na-ion
diffusion and play a crucial role in interfacial stability. The utilization of
diglyme also resulted in higher contents of NaF, which is highly
impermeable to the electrolyte solvent (preventing SEI enlargement)
and also exhibits relatively low activation energies for Na-ion diffusion
[79]1.

Regarding the rate capability, the NaPFs/DGM electrolyte also
exhibited the best results (see Fig. 7a and b). Under these conditions, the
HTCpan-1000ac material delivered specific capacities of 180, 86, and 57
mAh g~ ! when cycled at 1, 5, and 10 A g~ (see Tables S4 and S5). This
substantial improvement in rate capability, compared to the results
obtained using the NaTFSI/EC:DMC electrolyte, aligns with the recent
findings reported by Yin et al. [80] and can be ascribed to an enhanced
diffusion rate and charge-transfer kinetics (thinner SEI layer), as well as
to a lower SEI resistance and desolvation energy. Capacity retention was
also improved, as depicted in Fig. 7c, showcasing a retention rate of 88
% after 250 cycles, surpassing the 81 % achieved using the NaTFSI/EC:
DMC electrolyte (see Fig. 6d). The CV curves plotted in Fig. 7d also
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corroborated the formation of a thinner SEI with low irreversibility and
very high stability when the HTCpan-1000ac-based electrode was cycled
in NaPFg/DGM. Compared to other HCs synthesized via HTC of ligno-
cellulosic wastes reported in the literature (see Table S6), both
HTCan 1000 and HTCy,n_1000ac perform outstanding results. They
excel notably in terms of rate capability, achieving capacities at current
densities of 1 A g1 that surpass those obtained in studies where acti-
vating agents and dopants were used during the HTC. This highlights the
advantages of using pig manure as the hydrothermal solvent, resulting in
hard carbons with rate performances comparable to those recently
achieved from synthetic organic-derived HCs [81,82].

To better clarify the interfacial behavior of electrodes, EIS mea-
surements were performed after the first and tenth cycles for both
HTCpan-1000 and HTCan-1000 electrodes in the NaPFg/DGM electro-
lyte (see Fig. S31 for the corresponding Nyquist plots). The impedance
data reveal consistent features: (i) a semicircle at high frequencies cor-
responding to ion migration through the passivation layer, partially
overlapping with (ii) a semicircle at mid frequencies related to the
interfacial charge-transfer process; and (iii) a sloped line at low fre-
quencies indicating Na™ ion diffusion in the bulk of the active materials.
EIS data were fitted to an equivalent circuit model described by Bou-
kamp’s notation as Ry, (Rsgr Csgp) (RerCpL)WC. This model includes Rgo)
for the Na-ion resistance in the electrolyte, Rgg; and Cgg; for the resis-
tance and capacitance of the solid electrolyte interphase, Rcr and Cpy, for
the charge-transfer resistance and double-layer capacitance, Warburg
diffusion (W) for solid-state Na-ion diffusion, and C; for differential
intercalation [83]. Due to the electrode surface roughness, all capaci-
tance elements (C) were substituted with constant-phase elements (Q).
The overall impedance values for HTCppan-1000ac are slightly lower than
those for HTCpap-1000 after both the 1st and the 10th cycles, as
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desodiation (b). Galvanostatic discharge-charge profiles at 0.03 A g’1 (c) and rate performance (d) of the NVPF/HTC,,,-1000ac full-cell.



D. Alvira et al.

expected due to the higher porosity of the HTCpa,-1000ac carbon
(Table S7). The subsequent reduction in R¢y and Rggy observed in both
anodes after 10 cycles is likely attributed to the reorganization of the
electrode/electrolyte interface, which is induced by initial morpholog-
ical instability [84].

Fig. 8 compares the apparent diffusion coefficients (Dyj,) acquired
through GITT for the HTCpan-1000ac-based electrode in NaTFSI/EC:
DMC and NaPFg/DGM electrolytes. During sodiation (Fig. 8a), it can be
observed that the use of DGM did not seem to kinetically improve the
storage of Na ions through intercalation and pore filling, since Dy, ™
values were very similar in the low-voltage region. Nevertheless, a shift
in the above-proposed three-stage mechanism seemed to occur at rela-
tively high potential (i.e., above 0.1 V). The most plausible hypothesis
would be the occurrence of intercalation of both Na ions and DGM-
derived complexes into the graphite-like domains [85]. This
co-intercalation phenomenon at the voltage range from 1 V to 0.1 V
would be responsible for a lower diffusion coefficient compared to that
observed using the EC:DMC-based electrolyte, since in the latter case,
the apparent diffusion coefficients were exclusively associated to faster
surface adsorption phenomena [86]. It should also be highlighted the
relatively high diffusion coefficients obtained during the entire des-
odiation process when the EC:DMC-based electrolyte was replaced by
the DGM-based one.

To further demonstrate the practical implementation of the anode
material developed in the present study, full cells were assembled
pairing a NagVa(PO4)2F3 (NVPF) cathode with the HTCpan-1000ac
anode and using NaPFg in DGM as electrolyte. The charge curves
(Fig. 8c) showed two main voltage plateaus at ~3.6 V and at ~4 V
related with V3*/V*" redox and the subsequent two Na ion extractions
from NVPF. During the second cycle, the full cell delivered a reversible
capacity of 102 mAh g{althode. Considering a nominal potential of 3.7 V,
the full cell delivered a noteworthy energy density of 274.7 W h kg~!
(based on the total mass of the active materials in the cathode and
anode), making this kind of anode/cathode/electrolyte combination
attractive for further research and coupling optimization.

4. Conclusions

This study has proven the potential of pig manure as a suitable hy-
drothermal medium to synthesize high-performance anodes for SIBs.
Thus, its direct valorization as HTC solvent without the need for any
pretreatment and/or drying appears as a very attractive option from an
energy, environmental, and economic standpoint. Regarding the
carbonization of the plant biomass (vine shoots), it has been demon-
strated that a hydrothermal pretreatment significantly enhanced the
properties of the resulting hard carbon, especially in terms of connected
micro- and ultra-microporous networks, which facilitate the diffusion of
Na ions within the active material and also provide additional storage
sites in the plateau region. Furthermore, the addition of HCI during the
hydrothermal step has also proven effective in inducing beneficial
changes in the carbon structure, such as a certain development of
mesopores and the formation of microsphere clusters. The proposed
synthesis route for producing low-cost and high-performance hard car-
bons could serve as an effective strategy to valorize the mentioned
agronomic residues and could be easily extended for industrial
applications.

Concerning the electrochemical performance, it has been observed
that the addition of SBR as a binder may negatively impact the perfor-
mance of the anode. In terms of the electrolyte, it is noteworthy that the
hard carbons produced in the present study exhibited superior electro-
chemical performance in ether (DGM) compared to ester (EC:DMC) in
terms of ICE, cycling stability, and rate capability. The use of DGM,
thanks to the formation of a thinner and a more permeable and stable
SEI, paves the way for employing HCs with greater porosity and,
consequently, improved kinetics. The interactions among all these ele-
ments (i.e., active materials, binder, salts, and electrolyte solvents) must
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be further considered for a systematic study that enables the develop-
ment of optimized carbonaceous anodes tailored to the specific system.
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