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HIGHLIGHTS GRAPHICAL ABSTRACT

e Hard carbons are the most extended
anode materials for sodium-ion batteries
(SIBs); however, they show some
limitations.

e A simple, fast, low-cost treatment with
small molecules blocks micropores, im-
proves Na diffusion and increases
capacity.

e Ex-situ XPS demonstrates that thiol
functional groups promote the forma- .
tion of a favorable solid electrolyte y A7 Polycarbonates
interface. 4

e The treatment improves performance of
soft carbons as well, demonstrating the
wide applicability of the method.
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ABSTRACT

Hard carbons are the most extended anode materials for sodium-ion batteries (SIBs); however, they suffer from several limitations such as low stability, poor rate
performance and low initial Coulombic efficiency (iCE). Herein, a simple, fast, and low-cost surface treatment at room temperature using short-chain organic
molecules: 3-mercaptopropionic acid (MPA), 1,2-ethanedithiol (EDT) and oxalic acid (OxA) has been applied to a hard carbon (C1400).

The carbons treated with sulfur containing molecules (MPA or EDT) exhibit higher capacity (12 % capacity enhancement after 100th cycles at C/10 and 18 %
enhancement at 1C vs. C1400). The introduction of these ligands leads to improved micropore blockage, helping in the reversible insertion of Na ions. Moreover, ex-
situ X-ray photoelectron spectroscopy (XPS) analyses demonstrate that thiol functional groups promote the formation of favorable NaF and NayO-rich solid electrolyte
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interfaces (SEI) leading to and faster sodium diffusion in the plateau region. Additionally, MPA and EDT treatments have been applied to a soft carbon (Vulcan XC-

72R) resulting in a substantial 30 % capacity improvement after 100 cycles at 1C.

These results demonstrate the wide applicability of the method as a straightforward and efficient strategy for improving the electrochemical properties of carbon

anodes used in SIBs.

1. Introduction

The pursuit of clean energy generation and efficient energy storage
systems has become imperative in our society. As the global demand for
energy continues to rise, there is a growing need to transition from fossil
fuel-based power sources to cleaner alternatives. Therefore, renewable
energy sources integration has become the focus of many countries and
organizations as they have the potential to reduce greenhouse emissions
and fossil fuel dependency. However, one of the primary challenges of
renewable energy lies in its storage capabilities. Unlike fossil fuels, that
can provide instant energy when required, renewable sources are reliant
on climate conditions, resulting in occasional energy peaks and fluctu-
ations in energy generation, including both oversupplies and un-
dersupplies [1]. To address these challenges the development of efficient
energy storage systems has become critical. Nowadays lithium-ion bat-
teries (LIBs) are the most used systems in portable electronics and are
considered a highly important storage system for short and intermittent
energy storage due to their high energy density and design flexibility.
Nevertheless, despite their widespread use, they have well-known
drawbacks. These limitations include scarcity and limited geographic
distribution of key materials like lithium or cobalt, safety issues, and the
formation of dendrites [2-4]. In recent years sodium-ion batteries (SIBs)
gain a significant interest due to the abundance of sodium, the potential
cost-effectiveness, and environmental acceptance. However, one of the
major challenges is the development of an anode material able to
effectively store sodium ions. While graphite is commonly used as the
anode material in standard rechargeable LIBs, it is inadequate for SIBs,
due to its inability to form binary compounds with sodium ions [5]. As a
result, the identification and development of alternative anode materials
for SIBs has become a priority in the field of electrochemical storage
research.

In this context, amorphous carbons such as hard carbons (HCs) and
soft carbons (SCs), have risen as the most common option for anodes in
SIBs. Their low-cost, and environmentally friendly synthesis combined
with great storage capacity have placed them in the spotlight in recent
years. HCs are currently the preferred anode in commercial SIBs (for
example, CATL, Tiamat, and Faradion batteries); however, SIBs using
SCs anode are also being commercialized (HiNA Battery) [6]. HCs are
mainly obtained from the carbonization of biomass-based precursors.
They exhibit great capacity values that can reach 300 mAh-g~!, mainly
due to their low-potential plateau below 0.1 V vs. Na/Na® [7-10].
However, this also results in poor rate performance and low stability
[11,12]. In contrast to HCs, SCs are obtained from high-temperature
pyrolysis of aromatic compounds. They exhibit a sloping region during
both the sodiation and desodiation processes, lacking a low-potential
plateau, which results in enhanced stability and better high-rate per-
formance. However, their average capacities tend to be lower than those
of hard carbons oscillating between 100 and 250 mAh~g*1 [9,11,12].
The differences in their sodium storage mechanisms arise from their
nanometric structure, where SCs exhibit less curvature and a higher
degree of order in the stacking of their graphene layers [12].

One of the most important concepts in the anode performance is the
solid electrolyte interphase (SEI) which is crucial for the electrochem-
istry of sodium ion batteries (SIBs) anodes due to its influence on sodium
transport and stability. The term SEI was first introduced in 1979 by
Peled when he observed a layer formation on alkali metal upon contact
with organic electrolytes [13]. This layer was found to be ionically
conductive but nonconductive electronically. In 1997, Peled et al. pro-
posed the “mosaic model” as the prevailing structure, which continues

to be widely accepted in present times [14]. This structure comprises
small domains of inorganic, organic salts and polymers which allow the
transfer of the ions (Li, Na, K ...) and protects the surface of the anode
[15]. These species are formed upon decomposition of the organic
electrolyte on the anode surface during the first cycle. This process is
influenced by the nature of the organic solvents, electrolyte salt, addi-
tives, and functional groups on the anode surface [15,16]. Unfortu-
nately, hard carbons and soft carbons usually form inhomogeneous SEI
layers with commercial electrolytes which lead to low initial Coulombic
efficiency (iCE), low cycling stability, and poor rate capability [17]. SEI
engineering and interface chemistry regulation have risen as possible
solutions to improve the LIBs and SIBs performance [18,19]. Different
approaches have been proposed to tune the SEI such as: different elec-
trolyte solvents [20,21], electrolyte additives [16,22], oxygen plasma
functionalization [23], and atomic layer deposition (ALD) [24]. Another
common approach is the coating of HC anodes with SC or preparing
HC-SC composites to block open pores, reduce surface area and there-
fore, decrease the SEI decomposition to enhance the iCE [25,26]. Special
attention has been placed on introducing oxygen functional groups on
the surface of the carbon anode via chemical oxidation [27] or in-situ
polymerization of carbonyl-rich molecules to improve wettability and
act as active sites for electrolyte decomposition [17]. Additionally,
carbon functionalization using molecules has also been explored.
Romero-Cano et al. [28] proposed the incorporation of N-rich molecules
(urea and melamine) to homogenize the surface chemistry of hard car-
bons, preventing irreversibility and providing extra capacity storage
mechanisms. Yu et al. [29] modified the surface of an HC using 2,
2-dimethylvinyl boric acid (DEBA) to construct a more stable SEI
achieving an iCE of 77 % and 90 % capacity retention after 2000 cycles
in comparison to the 65 % iCE and 54 % capacity retention of unmod-
ified hard carbon. These surface treatments have shown to improve the
capacity, stability, and iCE of pristine carbons; however, most of them
require complex techniques, high temperatures, long treatment times, or
modifying the synthesis and pyrolysis steps of the carbon.

Two of the most used solvents in SIBs are ethylene carbonate (EC)
and dimethyl carbonate (DMC) due to their high dielectric constant, low
viscosity, and high ionic mobility. They undergo decomposition upon
contact with the anode during the initial sodiation and desodiation cy-
cles mainly forming NayCO3, NapO and several polycarbonates [20].
Additionally, additives such as fluoroethylene carbonate (FEC) and the
NaPFg salt decompose to form NaF [16,30,31]. It has been reported that
a high amount of carbonates in the SEI is detrimental to SIB performance
[32,33]. On the other hand, other inorganic components of SEI such as
Na,O and NaF possess higher Na® conductivity and migration than
organic compounds, which induces better rate capability [17,32], pro-
vides high mechanical strength [34], and suppresses the growth of Na
dendrites leading to better stability [35-37].

In this work we propose a simple, fast, and low-cost surface treat-
ment at room temperature using short-chain organic molecules: 3-mer-
captopropionic acid (MPA), 1,2-ethanedithiol (EDT) and oxalic acid
(OxA). They are short-chain ligands of similar size containing functional
groups such as thiols (MPA and EDT) and carboxylic acids (MPA and
OxA), which can enhance the interaction between the electrode surface
and electrolyte, and modify the composition of the SEI [38]. In a pre-
vious study, we observed a notable enhancement in the wettability,
capacity, and stability of an aqueous supercapacitor electrode upon the
introduction of the short-chain organic molecule MPA [39]. However, a
deeper study on the reasons behind these improvements was not per-
formed. In this study, we have studied the effect of having different
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functional groups on SEI formation, with special emphasis on the for-
mation of carbonates (CO%_), Na,O and NaF contents and their influence
on electrochemistry. A corncob-derived carbon (C1400) has been chosen
as a hard carbon (HC) model. This hard carbon has proven to be very
promising for Na-ion battery anodes, but it exhibited problems with ion
blockage related to SEI formation [40]. Given the positive impact of the
surface treatments on the hard carbon performance, the best performing
treatments have been applied to Vulcan XC-72R (chosen as the soft
carbon model), showing a more noticeable capacity improvement. These
results demonstrate the versatility and wide applicability of the method
for both HCs and SCs.

2. Experimental (materials and methods)
2.1. Materials

Organic ligands 3-mercaptopropionic acid (MPA), 1,2-ethanedithiol
(EDT), and oxalic acid (OxA) were purchased from Sigma Aldrich.
Toluene (>98 %), and pure acetonitrile were purchased from VWR
Chemicals. HySO4 (>98 %) was acquired from ACRO Organics.

Polyvinylidene fluoride (PVDF) (M,, ~ 534,000 (GPC)), sodium
chunks, ethylene carbonate (EC), and dimethyl carbonate (DMC) were
purchased from Sigma Aldrich. Sodium hexafluorophosphate (NaPFg),
and fluoroethylene carbonate (FEC) were purchased from Alfa Aesar.
Super C65 conductive carbon was purchased from Imerys, N-methyl-2-
pyrrolidone (NMP) was obtained from Merck, Carbon-coated aluminum
foil was acquired from Armor, France, and Vulcan XC-72R was kindly
provided by CABOT corporation.

Corncob was obtained from a local field. Preceding the pyrolysis
process, the corncob underwent an overnight drying procedure in a
dryer maintained at 80 °C. The initial heat treatment was performed
within a quartz tube furnace, exposed to a flow of argon (15 L hh,
during which the temperature was elevated to 900 °C at a rate of
2.5 °C-min L. Upon reaching 900 °C, the temperature was sustained for
a duration of 1 h before gradual cooling to room temperature. Subse-
quently, the second phase entailed elevating temperature to 1400 °C
using an AlyOs tube furnace, while maintaining an argon flow (50 L
h™1). The heating rate was fixed at 2.5 °C-min~, and the temperature
was held constant for 1 h, followed by cooling to room temperature.
After the pyrolysis, the obtained corncob C1400 hard carbon was grin-
ded [40].

2.2. Surface treatments

Organic ligand solutions (MPA 1 M, EDT 1 M, and OxA 0.1 M) were
prepared by dissolving MPA, EDT, or OxA in acetonitrile or in an acidic
acetonitrile solution (0.1 M H,SOy4 in acetonitrile). Two sets of surface-
treated samples were prepared with sulfuric acid (CA-L) and without (C-
L) to analyze the effect of including the acid. Corncob 1400 °C powder
was thoroughly mixed with freshly prepared organic ligand solutions (1
mL of solution per 100 mg of carbon) for 30 min under vigorous stirring.
Afterward, samples were washed several times with acetonitrile and
toluene and dried at 80 °C overnight. Samples were labeled as C1400 for
the original hard carbon material, and C-MPA, C-EDT, and C-OxA for the
surface treated samples without HoSO4. On the other hand, C1400 car-
bon treated with sulfuric acid was labeled as CA, CA-MPA, CA-EDT, and
CA-OxA when HySO4 was included in the ligand solution.

In the case of the soft carbon (Vulcan XC-72R) treatments, the
treatment was slightly modified due to the higher porosity of the soft
carbon. We added 2 mL of 0.5 M MPA or EDT solutions in acetonitrile
per 100 mg of carbon. Samples were labeled as V-MPA or V-EDT.

2.3. Electrode preparation and cell assembly

Electrode slurries were prepared with a composition of 90 %wt. of
active material (C1400, C-L, CA-L, Vulcan or V-L), 5 %wt. of PVDF

Journal of Power Sources 610 (2024) 234730

binder, and a 5 %wt. of conductive carbon C65. NMP was used as a
solvent. The mixture was ball milled at 300 rpm for 30 min to obtain a
homogeneous slurry. The slurry was coated on Al/C foil using a doctor
blade applicator resulting in a uniform coating with a thickness of 100
pm. The final coated material underwent an overnight drying process at
80 °C. Subsequently, electrodes with a diameter of 15 mm were cut and
stored within an argon-filled glovebox, featuring mass loadings ranging
between 1.5 and 2 mg cm ™2,

Two-electrode CR2032 type coin cells were assembled in an argon-
filled glovebox with water and oxygen contents below 0.5 ppm.
C1400, Vulcan, surface-treated C1400 or surface-treated Vulcan mate-
rials were used as working electrodes while sodium metal was used as
the counter/reference electrode. Both electrodes were separated by a
glass fiber separator. The electrolyte used was 1 M NaPF¢ dissolved in
EC:DMC (1:1 %vol.) with 2 %wt. FEC additive. Each cell was carefully
loaded with 100 pL of the electrolyte solution.

2.4. Physical characterization

N adsorption measurements were performed using ASAP 2020 gas
sorption analyzer from Micromeritics. The degassing step was per-
formed at 120 °C. MicroActive software was used to process the data and
obtain the Brunauer-Emmett-Teller (BET) surface area by using Rou-
querol procedure. Carbon slit pores by NLDFT model was used for the
pore size distribution calculations.

Scanning electron microscopy (SEM) images and Energy-dispersive
X-ray spectroscopy (EDX) analysis were performed in a SEM Inspect
50 instrument. Transmission electron microscopy (TEM) images were
acquired using a Tecnai F30 microscope operating at 300 kV. Samples
were prepared by sonicating carbon powders in ethanol and adding a
couple of drops on holey-carbon copper grids. Thermogravimetric
analysis (TGA) was performed under 50 mL min~! N flow, from 35 °C to
1000 °C at a heating rate of 10 °C-min~! on a TGA Q5000 IR from TA
Instruments. Powder X-ray diffraction (XRD) was performed in an X-ray
diffractometer PANalytical Empyrean instrument in Bragg-Brentano
configuration using Cu Ko radiation and equipped with a PIXcellD de-
tector. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were obtained using a Bruker Vertex-70 FTIR spectro-
photometer with a Golden Gate diamond ATR module. Data points were
collected from 3500 cm ™! to 1000 cm ™! at a resolution of 4 cm ™! and
512 number of scans. X-ray photoelectron spectroscopy (XPS) of carbon
materials was performed with an Axis Supra spectrometer (Kratos Tech).
Ex-situ X-ray photoelectron spectroscopy (XPS) of cycled electrodes was
performed using the Versa probe 3 AD (Physical Electronics, Chanhas-
sen, U.S.A) with a monochromatic Al Ka X-ray source operating at 15 kV
and 13.3 mA. Samples were subjected to cycling at a C/10 rate,
comprising one discharge and one charge cycle. Subsequently, the half-
cell was disassembled, and the HC electrode was meticulously cleaned
using DMC prior to the analysis. Cycled electrodes were put on a non-
conductive double-sided scotch tape in the “floating” setup and placed
in the center of the XPS holder inside an argon filled glove box. The
samples were transferred inside into the XPS intro chamber with a
transfer vessel without air exposure. For each sample, spectra were ac-
quired by scanning a 1 x 1 mm? area with the spot size of 200 pm.
Narrow spectra were acquired at a pass energy of 27 eV and step of 0.05
eV to obtain high quality data. Analysis of the peaks was performed with
the CasaXPS software using a weighted sum of Lorentzian and Gaussian
component curves after Shirley background subtraction. The binding
energies were referenced to the internal Cls standard at 284.6 eV.

2.5. Electrochemical characterization

The electrochemical characterization was performed by using Mac-
cor Series 4200 or GAMRY equipment. Measurements consisted of
charge-discharge C/10 galvanostatic cycling (100 cycles at 0.03 A g™1)
or modified galvanostatic cycling (first 5 cycles at C/10 followed by 100
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cycles at 1C or 0.3 A g™1). Cycling was performed in the voltage range
between 2 V and 5 mV. Voltage hold was applied at the lower cut-off for
5 h or until the current dropped to C/100. The theoretical capacity was
chosen following the model proposed by Bommier et al. [41].

Modified Galvanostatic Intermittent Titration Technique (GITT)
measurements were performed at C/10 applied current during 30 min
with 2 h of relaxation between steps. Apparent diffusion coefficients
were calculated from Fick’s second law and linear correlation assump-
tions [42]. C-rate performance measurements were conducted within a
voltage window from 2 V to 0.005 V vs. Na/Na*. The protocol included
an initial stabilization cycle to form the SEI and 5 consecutive cycles
with the current 30 mAh g-1 (C/10) with applied constant voltage at the
lower cut-off until the current drops below C/100 or during a maximum
of 5 h. Subsequently, 5 cycles at each respective current were performed.
The time limits of the voltage hold were accordingly adjusted to the
different C-rates (2.5 h for C/5, 1 h for C/2 ...). Electrochemical
Impedance Spectroscopy (EIS) were performed using a 2-electrode
half-cell experimental configuration, using an amplitude of 10 mV
across a frequency range from 100 kHz to 0.01 Hz. Circuit modeling and
data processing was performed using the GAMRY Echem Analyst
software.

3. Results and discussion
3.1. Physico-chemical characterization of surface-treated materials

Surface-treated materials were prepared by simply mixing the car-
bon powder with the ligand solution under constant stirring at room
temperature for 30 min. At the beginning, sulfuric acid was used for the
preparation of the ligand solutions to enhance the bonding between li-
gands and hard carbon due to its catalytic properties, especially in re-
actions such as carboxylic acid esterification (Fisher esterification) [43].
But, it was observed that ligands were present on the surface even
without acid treatment.

XRD patterns show that surface treatments do not modify the C1400

a)
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2 e N ~—CAEDT
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crystalline structure (Fig. la and b). The expected (002) and (100)
carbon peaks are distinguished in all materials [40]. With regards to
sulfuric acid pretreated samples, the emergence of new peaks was
observed, which may be indicative of the formation of sulfate salts
(Fig. 1a). This hypothesis was further supported by the disappearance of
the peaks after washing the samples with water (Fig. S1). Moreover,
C-OxA and CA-OxA show two common peaks at 26° and 30° which
might correspond to solid oxalic acid [44]. All samples treated with
carboxylic-ending molecules (OxA and MPA) show a new signal at 1680
cm ! in the ATR-FTIR spectra (Fig. S2), that is attributed to the C=0
stretching vibration of the carboxylic groups. The sample C-OxA shows
the signal at 1705 cm ™! (Fig. S2b) which corresponds to the second
harmonic stretching of the same bond [45]. As expected, C1400, CA,
CA-EDT or C-EDT samples show no signal at this wavenumber. No S-H
stretching signal between 2600 and 2500 cm ™! has been found for any of
the samples probably due to the interaction of sulfur with carbon or
deprotonation of the thiol group.

TGA measurements have been performed to quantify and confirm the
incorporation of the organic ligands on the carbon surface. Experiments
were conducted in a nitrogen atmosphere to identify organic molecules
adhered to the carbon surface and to differentiate variations in the
strength of chemical bonding as a function of degradation temperature.
Mass losses before 150 °C are attributed to adsorbed solvents and water
[46]. Samples treated in acidic media are compared with sulfuric
acid-treated carbon (CA) in Fig. 1c, and the surface treated samples are
compared with the native carbon (C1400) in Fig. 1d. Mass losses in CA
are attributed to the decomposition of surface functional groups and
degradation of C-SOy generated by interaction with the acid (240
°C-350 °C) [47]. As expected, additional degradations are observed at
190 °C for CA-OxA, 230 °C for CA-EDT, and 200-235 °C for CA-MPA,
attributed to molecules chemically bonded to the carbon through C-O
and C-S bonds [46-49]. The difference in degradation temperature
suggests that MPA and EDT are more strongly bound to the carbon than
OxA. Moreover, CA-MPA and CA-EDT samples show an additional mass
loss at 350 °C, which can indicate C-S interaction between thiols and
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Fig. 1. XRD patterns of C1400, (a) CA-L samples and (b) C-L samples. TGA curves of the (¢) CA-L and (d) C-L; both under N, atmosphere.



S. Aina et al.

carbon surface, or aliphatic carbons bonded to oxygen (C,—O) [47]. Non
pretreated carbon (C1400, Fig. 1d) shows two mass losses at 330 °C and
450 °C due to the decomposition of functional surface groups. Besides,
surface-treated materials show their first degradation at 205 °C for
C-OxA, 250 °C for C-EDT and 282 °C for C-MPA with a shoulder at
230 °C. Again, MPA and EDT appear to be more strongly bonded to
carbon than OxA. These results evidence the successful functionalization
of the carbon with the three ligand molecules regardless of the presence
of sulfuric acid in the treatment. Furthermore, loadings of the different
ligands have been compiled in Table 1. MPA and EDT loading is around
0.5 %wt. and 0.2 %wt. for OxA. The utilization of sulfuric acid seems to
have a negligible impact on the quantity of incorporated ligands.

TEM and SEM imaging shows that surface treatments have no visible
impact on the topology of the carbon surface (Fig. S3). SEM-EDX semi
quantitative analysis (Table S1) shows that all C1400 samples pretreated
with sulfuric acid show at least 0.5 %wt. S content attributed to the
presence of sulfates (further confirmed in the XPS analysis, Fig. 2c).
Moreover, C-MPA and C-EDT samples have around 0.5 %wt. S content
attributed to the presence of MPA and EDT molecules. No sulfur is
detected for C1400 or C-OxA. No significant differences in ligand
loading are observed in the presence of sulfuric acid. Despite several
washings, K and Si from lignocellulose precursors are still detected in the
analysis [40].

XPS analyses have been performed to corroborate the incorporation
of the ligand molecules onto the carbon surface. Elemental quantifica-
tion is summarized in Table 2. C 1s, O 1s and S 2p are the main narrow
spectra that have been studied for this purpose.

The C Is peak fitting (Fig. 2a and b) shows the same three compo-
nents for all the materials, corresponding to C-C/C=C, C-O/C-S and
C=O0 from lower to higher binding energy (BE). For molecules with
carboxylic acid groups (CA-MPA, CA-OxA, C-MPA, and C-OxA) an
additional peak at around 289 eV, assigned to the presence of -COOH,
has been observed. This signal is not detectable in the other samples. The
peak fitting of O Is spectra follows the same tendency (Fig. S4).

All materials show C=0, C-OH/C-O-C signals and CA-MPA, CA-
OxA, C-MPA, and C-OxA have an additional component at higher BE
assigned to —COOH [50,51]. Both, C 1s and O Is, confirm the successful
incorporation of OxA and MPA on the carbon surface. Besides, S 2p
narrow spectra were studied to confirm the presence of sulfur species in
MPA and EDT samples (Fig. 2¢). The presence of sulfates has been
detected in all samples, with a comparatively higher concentration
observed in samples pretreated with sulfuric acid. Moreover, C-MPA,
CA-MPA, C-EDT, and CA-EDT display a characteristic 2ps/, signal at
approximately 163.3 eV, which can be attributed to the presence of
C-S-C bonds [52,53] thereby verifying the bonding between carbon and
molecule thiol groups. Oppositely, as expected, C1400, CA, C-OxA, and
CA-OxA do not exhibit such signals. In both cases, CA-L and C-L covalent

Table 1

TGA quantification of surface treated samples. Mass losses within the range of
chemical bonding (150 °C-300 °C), C-S bonds or C,-O (300 °C-400 °C) and
stronger interactions (400 °C-600 °C) have been considered. Quantification of
ligands was calculated from the difference between the total mass loss of the
treated material and their respective reference material, C1400 or CA.

Material Mass loss (% Mass loss (% Mass loss (% Ligand (%

wt.) wt.) wt.) wt.)
150 °C-300 °C 300 °C-400 °C 400 °C-600 °C
CA 0.5 0.5 0.7 -
CA- 1.0 0.6 0.5 0.4
MPA

CA-EDT 0.8 0.6 0.9 0.6

CA-OxA 0.7 0.6 0.6 0.2

C1400 0.3 0.2 0.5 -

C-MPA 0.6 0.4 0.5 0.5

C-EDT 0.6 0.3 0.5 0.4

C-OxA 0.4 0.2 0.6 0.2
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bonding between carbon and molecule is detected regardless of the
incorporation of sulfuric acid in the functionalization. These findings are
consistent with the conclusions drawn from the TGA curves.

3.2. Electrochemical characterization

CA-L, C-L and pristine C1400 were used to fabricate electrodes for
their testing in half-cell Na-ion batteries. Initially, CA-L samples were
subjected to galvanostatic cycling at C/10, during 100 cycles (Fig. 3a
and Table 3). A slight increase in capacity is observed for the surface-
treated samples, with an 8 % capacity improvement for CA-MPA in
the 100th cycle and a 6 % for CA-EDT and CA-OxA. It is noteworthy that
the CA sample (C1400 pretreated only with sulfuric acid) shows a 2 %
capacity improvement, which makes it very similar to C1400; however,
it degrades faster than the other samples. Comparing the capacity in the
2nd cycle and 100th cycle, CA shows capacity retention of 84 %, lower
than the 91 % observed for C1400 and CA-OxA, and 87 % for CA-EDT
and CA-MPA. Additionally, all samples exhibit Coulombic efficiencies
values close to 100 % during the 100 cycles (Fig. S5). Furthermore,
surface-treated samples show improved iCE than C1400, that indicates
the decrease of charge required for the formation of the solid electrolyte
interphase (SEI) (Table 3). Additionally, to get a better insight into the
effects of the ligands, samples without acid, C-L, were cycled under the
same conditions at C/10 (Fig. 3d). C-MPA and C-EDT are the best
treatments exhibiting 12 % and 6 % capacity improvement at 100th
cycle respectively in comparison to pristine C1400. C-OxA shows a
worse performance and stability. In terms of capacity, there are no dif-
ferences between C-MPA, C-EDT and their acid counterparts but C-MPA
and C-EDT show slightly better stability (93 % and 89 % capacity
retention from the 2nd up to 100th cycle) (Table 3). Furthermore, iCE is
increased for the three treatments and Coulombic efficiencies are stable
and close to 100 % during the 100 cycles of C-MPA and C-EDT (Fig. S5).
In summary, most surface treatments have a positive effect on the
electrochemical performance of C1400. Notably, MPA and EDT exhibit
better performance, regardless of the presence or absence of acid.
Additionally, the stability of the materials is enhanced.

Additionally, galvanostatic cycling at 1C was also performed to
identify the influence of the treatments at higher C-rates (Fig. S6) where
hard carbons might show more limitations. The C1400 reference sample
exhibits a decline in capacity after 55 cycles, most likely due to FEC
consumption, whereas the surface-treated samples demonstrate
enhanced stability, improved capacity and a delayed FEC consumption.
Among them, C-L appears to be the most promising materials, with a
notable emphasis on C-MPA and C-EDT with capacity improvements in
the 100th cycle up to 13 % for C-MPA and 18 % for C-EDT and a capacity
retention of 93 % for C-MPA and 95 % for C-EDT vs. 83 % for C1400 at
higher C-rates (calculated from cycle 6 to 100).

Capacity, stability, and iCE enhancements are hypothesized to stem
from differences in SEI formation and composition. This process is
contingent upon the interactions between the surface groups of the
carbon material and the electrolyte. The first Na charge-discharge curve
is useful to see different SEI formation and to calculate iCE (Fig. 3b for
CA-L and Fig. 3e for C-L samples). These curves represent the first
discharge (sodiation)-charge (desodiation) cycle at C/10, between 2 V
and 0 V vs. Na/Na™. A typical curve shows a sloping region (attributed to
the adsorption of Na*' ions onto defects of the material) from high po-
tentials up to 0.1 V and a plateau region below 0.1 V, attributed to the
intercalation of Na* ions between carbon layers and pore filling by Na
atoms. It is observed that in all samples the capacity improvement comes
from both the slopping (above 0.1 V) and plateau (below 0.1 V) regions.
To gain further insight, a detailed analysis of the inverse derivatives
((dv/dx)™ 1) of this 1st cycle was conducted (Fig. 3c for CA-L samples
and Fig. 3f for C-L samples). Two peaks can be distinguished corre-
sponding to the SEI formation reactions [54]. In all samples, the first
peak appears in discharge at around 1.1 V vs. Na/Na™ and it is attributed
to the decomposition of the FEC additive. To confirm this, the first cycle
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Fig. 2. XPS peak fitting of (a) C 1s spectra of CA-L materials, (b) C 1s spectra of C1400 and C-L materials, and (c) S 2p spectra of CA, CA-MPA, CA-EDT, CA-OxA, C-
MPA, and C-EDT.

Hence, the main focus is put on the second peak, which emerges
between 0.6 V and 0.7 V vs. Na/Na™. This peak is associated with EC and

Table 2

XPS quantification of C1400 and surface-treated samples.
Material C (%at.) O (%at.) S (%at.) K (%at.) Si (%at.)
CA 90.5 7.6 1.0 0.3 0.5
CA-MPA 87.7 9.1 2.8 0.2 0.2
CA-EDT 85.7 8.3 4.8 1.1 0.2
CA-OxA 86.0 9.8 2.0 1.8 0.3
C1400 88.7 7.4 0.0 3.7 0.2
C-MPA 90.8 6.1 21 0.6 0.3
C-EDT 88.4 5.5 3.4 2.0 0.7
C-OxA 92.8 5.3 0.0 1.6 0.3

was performed in the same conditions without additive in electrolyte by
using the C1400 sample (1 M NaPFg in EC:DMC). As can be seen in
Fig. S7, the peak at 1.1 V vs. Na/Na™ is not visible. Significant disparities
are not observed in the initial peak among any of the samples, as it

primarily depends on the presence of the FEC additive.

DMC decomposition and the formation of -CO% species (poly-
carbonates, alkyl carbonates and NayCOs3) [20,55]. Depending on the
treatment applied, the peak appears at different voltage suggesting
differences in the decomposition process (Table 3) [56]. More precisely,
the peak in CA-MPA and CA-EDT samples is less prominent and shifted
to a higher voltage (0.73 V vs. Na/Na') which might suggest that
NayCO3 and polycarbonate formation are less favorable (Fig. 4c) [56,
57]. On the other hand, CA and CA-OxA show lower voltage values
(0.66 V and 0.67 V vs. Na/Na™). We speculate that —CO%’ formation
could be enhanced by the presence of carboxylic groups, as discussed

later in ex-situ XPS studies. Finally, two great peaks in the 0V-0.1 V vs.

Na/Na" region are found in the discharge and charge processes,
attributed to sodium insertion and de-insertion, respectively (Fig. S8).
Non-acid pretreated samples (C-L, Fig. 3f) were examined, and similar
correlations were identified. In C-MPA and C-EDT, the peak associated

with solvent decomposition appears at higher voltages (0.7 V vs.
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Table 3

Summary of the electrochemistry features of C1400 and surface treated materials cycled at C/10.
Material 100th cycle (mAh-g 1) Capacity retention (%) Capacity improvement (%)" iCE (%) 1st peak (V) 2nd peak (V)
CA 223 84 2 71 1.11 0.67
CA-MPA 235 87 8 73 1.14 0.73
CA-EDT 229 87 6 71 1.11 0.73
CA-OxA 231 91 6 74 1.15 0.66
C1400 217 91 - 70 1.13 0.63
C-MPA 243 93 12 72 1.11 0.70
C-EDT 230 89 75 1.14 0.70
C-OxA 205 91 73 1.11 0.60

# Calculated from the 100th relative to the 2nd cycle.
b Calculated from the 100th cycle and compared to the C1400.

Na/Na™), whereas C-OxA exhibited the peak at 0.6 V vs. Na/Na™, thus
substantiating the previously drawn conclusions.

Once the electrodes are stabilized, it is possible to differentiate be-
tween adsorption, intercalation and pore filing. The 100th char-
ge—discharge curve and adsorption/insertion/pore filling column graphs
were compared to clarify which step is most significantly influenced by
surface treatments (Fig. S9). At both C-rates (C/10 and 1C) surface
treatments seem to enhance both sodium insertion and adsorption. This
effect is particularly noticeable in MPA and EDT treatments, especially
at the higher rate of 1C, where HCs encounter more challenges.

In summary, adding sulfuric acid to the surface treatment does not
seem to provide any benefit regarding the amount of ligand loaded.
Furthermore, the electrochemical results closely resemble those of the
non-acid counterparts. Consequently, the primary focus of subsequent
studies has been directed towards the C-L samples.

To gain deeper insights into the underlying processes and the impact
of each ligand on the electrochemical processes, N5 adsorption and GITT
measurements were conducted on C-L samples. Tuning the size or

blocking the micropores entrance is a common strategy to avoid the
undesired entry of solvated sodium ions into the pores [58,59]. If sol-
vated ions enter the micropores, they can get trapped because of their
large size. Therefore, blocking the pores reduces this loss. Moreover, the
increase in the external surface area forces sodium storage through
intercalation in the carbon matrix. Alternatively, if the micropore size is
reduced, the sodium ions are forced to enter the pores without solvent
molecules. Non-solvated ions enter and leave pores more easily leading
to reversible storage of Na ions and improved iCE [25,26,60]. Our re-
sults suggest that short-chain ligands can partially block the material
micropores increasing the carbon external surface area (Table S2). These
data align with the improvement in the intercalation and the decrease in
pore filling contribution, indicating a consistent trend in the observed
results. GITT measurements (Fig. S10) were performed at C/10 with
C1400 and C-L samples (Fig. 4) to calculate the apparent sodium
diffusion coefficients (D) of the materials using the following formula:
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at\ MgS AE;
where V) is the molar volume and Mg is the molar mass; both can be
substituted by the inverse of the material density (1.973 g cm > for
C1400 [40], and 0.096 g cm ™2 for Vulcan, according to producer data).
Same density values were used for their respective surface treated ma-
terials. 7 is the relaxation time, mp is the active mass in the electrode and
S is the electrode area. AE; corresponds to the steady-state voltage
change and AE,; to the transient voltage change. The main assumptions
are that the electrode material is homogeneous, the molar volume
change of the active material during charge or discharge is not large
enough and the current should be a low value with a short duration time.

All samples exhibit similar D values which remain mostly constant
during the sloping region. At 0.1 V vs. Na/Na%, an abrupt decrease is
observed due to the different mechanism of sodiation at the beginning of
the plateau region. Afterward, D sharply increases displaying the typical
U-shape of hard carbons to later decrease again near the cut-off voltage.
C-OxA and especially C-MPA and C-EDT show a less pronounced
decrease at 0.1 V vs. Na/Na" than C1400, which indicates that these
materials would be less susceptible to polarization and display a better
rate capability [61,62]. Indeed, C-L samples show better performance at
1C cycling than the untreated carbon (Fig. S6b). Moreover, D values of
C-MPA and C-EDT in the plateau region (below 0.1 V vs. Na/Na™) and
near to the cut-off voltage are higher than C1400 and C-OxA ones. This
indicates a faster diffusion of sodium during intercalation in the carbon

matrix in C-MPA and C-EDT [61,62]. Furthermore, D values for des-
odiation cycle (Fig. 4b), exhibit similar tendencies. C-MPA and C-EDT
have slightly higher D values in the intercalation region and a smoother
transition into the adsorption mechanism at 0.12 V vs. Na/Na™.

Galvanostatic cycling tests at different C-rates for C-L samples was
performed (Fig. S11). C-MPA and C-EDT demonstrate enhanced per-
formance as compared to C1400 and C-OxA, with C-EDT showing
slightly superior performance at higher C-rates. To better understand the
involved processes, electrochemical impedance spectroscopy (EIS)
measurements were conducted (Fig. S12, Note S1). C-MPA and C-EDT
exhibit significantly lower resistivity (Table S3) in the SEI region (85.6Q
and 58.5Q2) than C1400 and C-OxA (182.7Q and 265.7€), indicating a
more favorable Na' ion diffusion through the SEI. Moreover, these re-
sults point at a superior stability and electrochemical performance after
the 40 cycles at different C-rates.

Based on these results, it is clear that carbons treated with molecules
containing —SH groups exhibit better performance, faster sodium diffu-
sion in the plateau region, and improved micropore blockage [58,59]. It
is probable that the presence of -COOH groups favors CO3~ formation
while —SH groups might lead to a more favorable SEI composition that
directly affects capacity, stability, and iCE. For this reason, and to
confirm the hypothesis, ex-situ XPS characterization of the electrodes
has been conducted to identify and understand the SEI composition
differences and their relationship with the functional groups of the
organic ligands.
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Fig. 5. XPS fitting of (a) C 1s, (b) O 1s, and (c) F 1s ex-situ spectra of samples C1400, C-MPA, C-EDT and C-OxA after one charge-discharge cycle at C/10.

3.3. Understanding SEI composition — Ex-situ XPS

Ex-situ XPS analysis after the first discharge—charge cycle enables the
determination and quantification of the primary components and spe-
cies of the SEI formed on the surface of the carbon electrode. In order to
monitor NaF, -CO%, Na,O and organic species formation, special
emphasis has been placed on C Is, O 1s and F 1s narrow spectra. All
analyzed samples have been discharged (sodiated)-charged (des-
odiated) at C/10 to ensure an adequate formation of the SEI and make
them comparable. The discussion focuses on C-L surface-treated sam-
ples, but similar results are observed for CA-L samples (Fig. S13). As
compared to non-cycled materials (Fig. 2), in the C 1s narrow spectra
(Fig. 5a) two additional components at 283 eV and around 290 eV have
been detected. The first one at 283 eV corresponds to sodium interca-
lated into the hard carbon Na,-HC [33,63]. This signal has been
experimentally confirmed in literature through argon etching of the SEI
[33], and can be used as an indicator of SEI thickness [63]. Considering
that the maximum XPS penetration depth is approx. 10 nm, a more
prominent Nay-HC signal in XPS could be correlated with a thinner SEI
[64]. It has been reported that a thinner SEI can improve Na® ion

Table 4

SEI composition summary from ex-situ XPS analysis after the first cycle at C/10
for C1400 and C-L samples. Discharge capacities correspond to the 100th cycle
of the galvanostatic cycling at C/10.

C1ls O1s F1ls Dis. Cap.

Material mAh-g !

W NeHC(% — -CO¥(% — NaO (%  NaF (% (mahg )

at.) at.) at.) at.)

C1400 3.1 16.0 13.2 24.6 217
C-MPA 5.8 12.8 20.0 42.0 243
C-EDT 6.4 11.5 16.9 45.3 230
C-OxA 4.3 13.7 11.9 33.9 205

transport [65]. The second signal at 290 eV corresponds to —CO3%,
attributed to the formation of polycarbonates and NapCOs in the SEI [53,
63]. Furthermore, ex-situ O 1s peak fitting reveals several differences
compared to the analyses conducted before cycling. The -COOH signal
(534-535 eV) is not clearly detected; however, two additional compo-
nents emerge, one at lower energy bindings (531 eV) attributed to NayO,
and another at higher energy bindings (536 eV), representing the Na
Auger signal (Fig. 5b). Besides, F 1s ex-situ XPS fitting after the first
discharge-charge display two components corresponding to the NaPFg
electrolyte (687 eV) and the NaF (684 eV) formed in the SEI (Fig. 5¢)
[35,53]. For the following ex-situ XPS discussion, all the percentages
correspond to atomic percentages and as commented, the focus will be
on C Is peak fitting (—CO%’ and Nay-HC components), F 1s (NaF
component) and O 1s (Nag0). Results are summarized in Table 4 and
element composition is compiled in Table S4.

Starting with C 1s, C1400 SEI has higher —CO%’ content (16.0 %at.)
than other samples. C-MPA and C-EDT, which have shown the most
positive electrochemistry results, seem to have a thinner SEI (5.8 %eat.
and 6.4 %at. Nay-HC, respectively) with reduced amounts of —CO%’ (12.8
%at. and 11.5 %at., correspondingly). On the other hand, C-OxA has
similar values to C1400 and exhibits the worst performance. The cor-
relation between the chemical SEI composition and the electrochemical
behavior is evident. The presence of short-chain ligands and appropriate
functional groups on the carbon surface promotes the formation of a
thinner SEI and prevents unnecessary electrolyte decomposition (i.e.,
showing higher iCE values). This is clearly evidenced in the 1C elec-
trochemistry of C-L and CA-L materials, where the sudden capacity
fading attributed to FEC consumption, is notably delayed (Fig. S6). EDT
and MPA treatments (both containing —SH groups) display a higher Nay-
HC content, which has been reported to be associated with a thinner SEI,
and have lower —CO%’ content, which can result in higher ionic con-
ductivity. On the other hand, the treatment with ligands containing only
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—COOH groups (C-OxA samples) promotes the formation of -CO3 which
can hinder the performance.

O 1Is detailed spectra have been studied to gain insight into the
inorganic compound NayO (Fig. 5b). Peak fitting of C-MPA and C-EDT
spectra demonstrate higher quantities of Na;O (20.0 %at. and 16.9 %at.,
respectively) than C1400 (13.2 %eat.) which can result in better stability
and improved Na' conductivity. C-OxA components are very similar to
C1400 results with lower amount of Nas0 (11.9 %at.) which explains its
hindered performance. These results align with the previous C Is
conclusions.

Furthermore, F 1s narrow spectra were analyzed (Fig. 5c). In this
context, the NaF component stands out as particularly intriguing, given
that a NaF-rich SEI has demonstrated advantageous effects such as better
Na diffusion. Carbons treated with ligands: C-MPA (42.0 %eat.), C-EDT
(45.3 %at.) and C-OxA (33.9 %at.) show an increased amount of NaF
content than C1400 (24.6 %at.) which can justify the enhanced elec-
trochemistry of the C-L samples.

In particular, carbons treated with thiol-containing molecules (MPA
and EDT) show the highest content of Na;O and NaF in their SEI, related
to better cycling, Na™ diffusion, and capacity retention. It is likely that
the presence of thiol groups can promote the coordination of Na™ on the
surface of the electrode leading to an enrichment in sodium species
(Nay0 and NaF) during the SEI formation. These results are consistent
with the GCD, N adsorption, GITT, and C 1s ex-situ XPS conclusions.

As commented, C Is, F Is and O 1s spectra of samples treated in the
presence of acid (CA-L) have also been analyzed and the conclusions are
similar, with CA-MPA and CA-EDT showing the best results (Fig. S13 and
Table S5).

C-MPA and C-EDT treatments exhibited the highest specific capac-
ities with excellent retention after 100 cycles (93 % and 89 %), blocked
micropores, higher Na " diffusion in the plateau region and a thinner SEI
with increased amounts of Na,O, NaF and lower amounts of —CO%’. It can
be concluded that thiol-containing ligands without acid are the most
beneficial surface treatments for the carbon anode in SIBs.

3.4. Ligand treatments to soft carbon

In light of the positive results observed with hard carbon treated with
MPA and EDT, we decided exploring whether this surface treatment
could enhance the performance of other carbon types used in commer-
cial SIBs, such as soft carbons. For this reason, Vulcan XC-72R carbon
black was treated with these molecules (V-MPA and V-EDT) and tested
as anodes in SIBs half-cells. ATR-FTIR analysis of Vulcan, V-MPA, and V-
EDT (Fig. S14) shows similar trends than observed for hard carbon (HC).
The V-MPA spectrum shows a new signal at 1680 cm ™ ?, attributed to the
C=O0 vibration of the MPA carboxylic group. TGA analysis confirms the
successful loading of MPA and EDT. Their curves show important mass
losses within the range of chemical bonding (150 °C-400 °C) when
compared to pristine Vulcan (Fig. S15). The total amount of ligands is 1
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%wt. for both samples. The higher surface area of Vulcan allows for a
slightly higher loading of organic molecules than C1400. Capacity im-
provements have been observed for both treatments during 100 cycles at
C/10. As compared to pristine Vulcan XC-72R (136 mAh-g~! at 100th
cycle), V-MPA shows an 18 % capacity improvement (161 mAh-g~!) and
V-EDT a 16 % increase (158 mAh~g’1) (Fig. 6a). At a higher current, 1C,
greater improvements are observed at the 100th cycle for both V-MPA
and V-EDT. V-MPA showed a 23 % capacity improvement (155
mAh-gfl) and V-EDT 31 % (165 mAh~g*1) in comparison to Vulcan
(126 mAh-g™1) (Fig. 6b).

Additionally, Ny adsorption shows a similar tendency where micro-
pores are partially blocked with MPA while the external surface is pro-
moted resulting in better and reversible insertion/deinsertion of sodium
(Table S6). Apparent diffusion coefficients of Vulcan and V-MPA were
also calculated at C/10 (Fig. S16). The shape is consistent with a sloping
region attributed to the adsorption of sodium on the surface, and the
absence of U-shape, compatible with the reduced intercalation observed
in soft carbons [66]. During the whole discharge (sodiation) process,
V-MPA shows higher diffusion values, while they are similar for both
materials (V-MPA and Vulcan) during charge (desodiation).

4. Conclusions

Surface treatments using various short-chain organic ligands (MPA,
EDT OxA), both with and without acid, have been applied to hard car-
bon material and has been tested as anode in SIBs. The treatments have
been beneficial for the electrode material showing excellent stability
after 100 cycles and an improvement in capacity up to 12 % at C/10 and
18 % at 1C. Additionally, iCE is increased to 14 % in the best cases in
comparison to the pristine material. Treatments with ligands incorpo-
rating thiol groups (C-MPA and C-EDT) have proven to be the most
advantageous. The reasons behind these improvements have been
studied using ex-situ XPS, Ny adsorption, and GITT. Best performing
materials show a thinner SEI with lower ~CO3” amount and higher NaF
and NayO content related to better Na diffusion, as confirmed by GITT
measurements in the plateau region. Ny adsorption measurements have
shown micropore blocking and an increase of external surface area
which seems to favor sodium insertion and extraction.

Moreover, MPA and EDT treatments have also been applied to soft
carbon Vulcan XC-72R and tested as the anode in SIBs half-cells. Ca-
pacity enhancement has been observed especially at higher char-
ge—discharge rates (1C) showing more than a 30 % capacity
improvement with great stability after 100 cycles. Again, micropore
blocking and increased Na®t diffusion seem to be responsible for this
enhancement.

In summary, we have shown that a simple, fast, low temperature
treatment with short-chain organic ligands can improve the perfor-
mance of carbon materials used as anodes in SIBs. Moreover, these
treated-carbons show good performance at fast charge-discharge rates,
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Fig. 6. Galvanostatic cycling capacity vs. cycle number at of Vulcan, V-MPA and V-EDT at (a) C/10 and (b) 1C.
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which could be especially relevant for certain applications such as
electric mobility.
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