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ABSTRACT. Recently, sodium-ion batteries have been intensively studied as an alternative to
lithium-ion batteries because of the abundance of sodium and its ability, for example, to answer to
smart grid energy storage applications. Among all anode materials, carbonaceous materials have
shown promising results, particularly hard carbons owing to their high capacity and low insertion
voltage (vs. Na'/Na). However, these materials often suffer from their high cost and low initial
coulombic efficiency. In this paper, we investigate an easy route of hard carbon synthesis from
low-cost pitch precursor. A pre-treatment under a controlled atmosphere can hinder the

graphitization of the pitch upon pyrolysis and induce an amorphous-like microstructure with high



Na storage capacity. We also investigate the mechanism of pre-oxidation and show the importance
of parameters optimization such as the atmosphere and the duration. This work highlights the
influence of the pre-treatment conditions on the hard carbon characteristics which are of key
importance to explain and improve its electrochemical performances. The control of the pre-
oxidation conditions allowed us to obtain a unique hard carbon with optimized micro-structure and
texture and delivering impressive electrochemical performances. This hard carbon was obtained
from a 12-hour pre-treatment at 300°C under oxygen flow followed up by a 2-hour carbonization
at 1400°C under nitrogen with a high yield of 49%. This material delivers remarkable 312 mAh.g"
! of reversible capacity at C/20 for only 10 % of irreversibility at the first cycle, which correspond
to the best electrochemical performances reported so far for pitch-based hard carbons. This work
definitively emphasizes the potential of pitch-based hard carbons for further industrialization of

sodium-ion batteries.

INTRODUCTION

Environmental issues are nowadays more and more pushing towards the development of
renewable energies.! These alternative choices are facing the problem of energy storage.? So far,
lithium-ion batteries (LIBs) have been largely used and efficient in most portable electronic
devices. However, for stationary large-scale energy storage, most used electrochemical systems
today are the traditional lead-acid batteries and the sodium-sulfur batteries. The former requires
large installations, contains toxic heavy metals and suffers from severe self-discharge while the
latter raises other safety and operational issues because of its high operating temperature: 300 to

350°C.3 Unfortunately, room-temperature LIBs cannot address the problem of large-scale energy



storage, mainly because lithium has a relatively low abundancy in the earth's crust and its uneven

global distribution makes it more and more expensive.*°

Sodium is the second alkali metal below lithium in the periodic table and has similar
physico-chemical properties. It has been studied to replace lithium because of its abundancy in
the earth's crust (sodium is the 6™ most abundant element) and because it can be easily extracted
which makes it a cheap resource.®® In addition, unlike lithium, sodium does not form alloys with
aluminum thus sodium-ion batteries (SIBs) do not require the use of copper foil as a current
collector for the negative electrode, less expensive aluminum foil is suitable.”!? Positive
electrodes and electrolytes have already been extensively studied and optimized to obtain SIBs
with the best possible performances.'® Nevertheless, graphite used as the negative electrode for
LIBs shows very low electrochemical performances as an anode for SIBs because of the weaker
binding energy of sodium to graphite, it only forms high stage graphite-intercalation compounds

with sodium (stage 8 = NaCgs).%!! Many other materials have been investigated as negative

12-14 15-19

electrode of sodium-ion batteries such as alloys based on tin or antimony, metal oxides

or organic compounds,?®%3

which have however poor cycling behavior and/or poor structural
stability despite their high capacities. Among all the compounds tested as negative electrodes,
carbonaceous materials and mainly non-graphitizable carbons (called hard carbons) showed the
best hopes for SIBs. Thanks to their amorphous structure and their large interlayer spacing,
sodium can insert in a much larger quantity, although the exact mechanism of sodium storage
still arises some questions.?* 2’ However, the main reported issues of these carbons are a low

)28—30

initial coulombic efficiency (ICE) (very often not exceeding 80% and a poor cycling

behavior at high current densities.



A large variety of materials has been reported as precursors for hard carbons synthesis

28,31-33 34-36

and further used as negative electrode of SIBs such as sucrose, cellulose, phenolic

4344 and other types of biomass.**° Although they are abundant, sucrose and

resins,’’** lignins,
cellulose suffer from high cost and very low carbon yields (<20%). Phenolic resins instead have
better carbon yields but their toxicity and price can hinder their use for large application of SIBs.
Biomass is green-resource and has a positive waste management impact but its wide diversity
and high dependence on season and geographic location induce a low reproducibility that limits

their interest as hard carbon precursors.*!

Petroleum pitch is a very interesting carbon precursor because of its high carbon yield
(>50%) and its low cost. However, this petrochemical byproduct is more known as a precursor of
soft carbons and synthetic graphite and is not a usual precursor of carbon-based anode materials
for SIBs due to its graphitization upon heating. Only in 2011, the first pitch-based anode material
for SIBs was reported by Wenzel et al. delivering a storage capacity of about 130 mAh.g™! with
only 14% of coulombic efficiency at the first cycle.’® This work gave rise to more recent reports
where authors tried different methods to restrain pitch graphitization. Li et al. first tried to mix
pitch with phenolic resin and were able to obtain a hard carbon delivering 284 mAh.g™! as
reversible capacity for an initial coulombic efficiency of 88%.°! Later on, the same group did the
same work but replace phenolic resin by lignin which is less expensive and comes from biomass
resources. Their best sample reached a first reversible capacity of 254 mAh.g™! with an ICE of
82%.%? Yang et al. reported a composite made of reduced graphite oxide and pitch with an initial
discharge capacity of 268 mAh.g™! for 79% of coulombic efficiency at the first cycle (under a 20
mA.g! current density).>* Pitch was used here to reduce the expansion of graphite oxide during

its reduction and to fill its porosity in order to decrease the specific surface area. More recently,



Lu et al. explored another way to reduce pitch graphitization and suggested to pre-oxidize the
precursor in order to introduce cross-linking between the Basic Structural Units (BSUs) within
the structure. They successfully used this carbon material as negative electrode for SIBs reaching
for the first time, with a pitch-based material, 300 mAh.g! as first reversible capacity and 88%
of initial coulombic efficiency.>* This work is of great interest because it finally demonstrates

that high electrochemical performances can be obtained with pitch-based hard carbons.

Based on the energy cost for the precursors production (as found in the ecoinvent
database) and the expertise of our industrial partner, it was estimated that the process for the
pitch-derived hard carbon synthesis developed here could lead to an energy cost improvement of
about 20% compared to a typical phenolic resin-derived hard carbon process. Our aim was,
therefore, to further study the use of petroleum pitch as carbon precursor, to improve the pitch
pre-oxidation treatment and to better understand this process on the microstructure of the
resulting hard carbon material. The pre-oxidation atmosphere was studied as a key parameter to
improve this step. All samples were analyzed by several characterization techniques and tested in

half-cells as negative electrode for SIBs.

EXPERIMENTAL SECTION

MATERIAL SYNTHESIS.

Hard carbons were obtained by a two-step pyrolysis reaction of commercially available
petroleum pitch. The as-received raw granules were first crushed into smaller particles in an

agate mortar and then pre-oxidized at 300°C for different durations (3, 12, 48, 72 and 200 hours)



and under different atmospheres (ambient air, oxygen flow, air flow) in order to investigate the
effect of the pre-oxidation step. The oxygen flow (Oxygen, Air Liquide Alphagaz™ 1, 99.995%)
and the air flow were 20 cc.min™!. Then, the obtained pre-oxidized materials were carbonized for
2 h in a tubular furnace under nitrogen flow (200 cc.min™') (Nitrogen, Air Liquide Alphagaz™ 1,
99.999%) at 1400°C. The hard carbons derived from pre-oxidized pitches were referred to as
HCPOP-atmX where atm refers to the atmosphere of pre-oxidation (air, oxygen) and X the
duration of the pretreatment (in hours). For comparison, the pristine pitch was directly

carbonized at 1400°C and noted as HCP.

CHARACTERIZATIONS.

Thermo-gravimetric analysis (TGA) was performed to study the mass loss of the
petroleum pitch during the pre-oxidation step at temperatures up to 300°C at 5°C.min"! under air

(Netzsch STA449C Jupiter equipped with a mass spectrometer).

The structure of the hard carbons was studied by Raman spectroscopy and powder X-ray
diffraction (XRD). Raman measurements were performed at room temperature using a
ThermoScientific microscope DXR spectrometer equipped with He-Ne excitation source (532
nm wavelength) and Olympus microscope. XRD analysis was performed using a Bruker AXS

D8 Advance diffractometer equipped with a CuK, radiation source (A = 1.5418 A).

The microstructural investigation was performed using a FEI Tecnai F20-S-TWIN

operating at 200 kV through High Resolution Transmission Electron Microscopy (HRTEM) and



associated Fast Fourier Transform (FFT). The samples were dispersed in ethanol and two drops

were deposited on a copper grid with holey carbon.

Textural properties of the hard carbon materials were investigated with a Micromeritics
ASAP 2020 analyzer using N> gas as adsorbate (77 K). The samples were first degassed at
150°C for 1 h and then 300°C for 12 h, under primary vacuum. The BET (Brunauer-Emmett-
Teller) specific surface area Sgrr was determined from the linear plot in the relative pressure

range 0.05-0.3 (P/Py).

X-ray photoelectron spectroscopy (XPS) experiments were carried out in a Kratos AXIS
Ultra DLD spectrometer, using a monochromatic Al Ko X-ray source (1486.6 eV) with a power
of 225 W (15 mA, 15 kV). Instrument base pressure inside the analysis chamber was 5.0 x 10~
Torr. The C 1s and O 1s high-resolution spectra were collected using an analysis area of about
300 um x 700 um and a 20 eV pass energy. The bending energy scale was calibrated taking C 1s
peak at 284.8 eV as a reference. All spectra were peak-fitted using CasaXPS software (version

2.3.16, Casa Software Ltd.).

Elemental analyses were performed using a Thermofisher Flash EA 1112 apparatus, and
contents of C, H, N, S and O were measured. Results were all registered and analyzed using
Eager 300 software. At least two runs of measurements were performed for each sample and the

accuracy is + 0.3%.

CELL ASSEMBLY AND ELECTROCHEMISTRY.



Electrochemical investigations were conducted in CR2032-type coin cells of 20 mm
diameter with sodium metal as the counter electrode. Whatman® glass fiber was used as the
separator impregnated with 150 pL of NP30 electrolyte i.e. a solution of 1 M NaPFs in ethylene
carbonate (EC; Merck 99.9%) and dimethyl carbonate (DMC; Sigma-Aldrich, anhydrous > 99%)
(1:1 in weight). The water content of the prepared electrolyte was measured by coulometric Karl-
Fischer titration and found to be lower than 15 ppm. All the operations were performed in an
Argon-filled glove box (H20, O, < 0.1 ppm). Galvanostatic tests were carried out on a BioLogic
SAS BCS-805 battery test system at room temperature (T = 24.4 £ 0.5 °C) within a potential
window ranging from 0 to 2.5 V vs. Na'/Na. The cycling was performed down to 0 V as it was
previously checked that no Na plating occurs at the rate of C/10 for our prepared hard carbons:
the Na plating typically occurs around -30 mV vs. Na'/Na under this condition and using NP30
electrolyte. The theoretical specific capacity of the carbon sample was taken at 372 mAh.gcarbon
corresponding to the hypothetical NaCe formation (therefore a current rate of 1C corresponds to
372 mA.gearbon ). Constant current charge/discharge rate of C/20 was applied for 10 cycles
followed by 100 cycles at C/10. Two cells were evaluated for each sample to ensure
reproducibility of the results. The electrochemical capacities given in the article are the average

values obtained from these two different electrochemical cells.

RESULTS AND DISCUSSION

HARD CARBON CHARACTERIZATIONS.

A sample of pristine pitch was first carbonized at 1000°C and shows the remarkable

difference of structural order when compared to a commercial HC and a common sucrose-



derived HC (Figure S1, Supporting Information). These XRD diagrams are characterized by two
broad peaks observed at 22-24° and 43-45° corresponding respectively to (002) and the (101)
family of diffraction planes of graphene sheets stacking. The HCs exhibiting the best Na
electrochemical insertion performances usually display broad peaks suggesting low
graphitization degree, as shown on sucrose-derived HC and commercial one in Figure S1. Their
interlayer spacing doo2 are of 3.9 A and 3.7 A respectively, proof of their low graphitization
degree. However, pitch-derived HC is clearly not amorphous enough as the (002) peak is much
narrower and the interlayer spacing doo> is relatively small with a value of the order of 3.5 A. As

a comparison, graphite exhibits an interlayer spacing of 3.35 A.

A soft pretreatment was performed on pitch by pre-oxidizing it at 300°C in a muftle
furnace under air during 3 hours. The HC derived from this material (overall yield of 65%) was
still too graphitized as shown in Figure 1a. Indeed, HCPOP-air3 exhibits a well-defined (002)
peak. A harsher pre-oxidation treatment was then conducted on pitch by annealing at 300°C in a
tubular furnace for 12 hours under oxygen flow. After pyrolysis, the overall yield is 49% which
is still high for HC synthesis. XRD diagrams of all three samples, pristine pitch, air pre-oxidized
pitch, and oxygen pre-oxidized pitch, -derived HCs are presented in Figure 1a and show the
strong impact of pre-oxidation under oxygen flow on the structural order. Indeed, HCP (002)
peak is well defined whereas HCPOP-o0x12 (002) peak is much broader and closer to what is
expected from a promising hard carbon for Na insertion. HCPOP-air3 shows an in-between
crystallinity state. Average crystallite sizes L (thickness of the graphitic domains) and L. (length
of the graphitic domains) were calculated using Scherrer equation (1) on the (002) and (101)

reflections respectively:



kA

= 1
FWHM.cos @ ()

where k is a corrective factor considering the shape of the peaks. This k factor is valued at 1.84
for L, and 0.89 for L as described in P. Mallet’s PhD thesis.>® The (002) peak is fitted with a
Lorentzian peak and the (101) one with 2 Pearson VII peaks.> Crystallite sizes and interlayer

spacing between graphene sheets, obtained from the (002) peak position, are reported in

Table 1. The interlayer spacing dooz increases from 3.5 A for HCP and for HCPOP-air3, to about
3.7 A for HCPOP-0x12, while L. and La decrease showing that the structure loses progressively
its order. The graphitic domains, called basic structural units (BSUs), are the smallest when pitch
is pre-oxidized under oxygen for 12 hours. The L. crystallite size for this latter HC is especially
very small, only 11.5 A, thus corresponding to the stacking of only 4 graphene sheets whereas
HCP displays up to 11 graphene sheets. This treatment under oxygen flow leads therefore to a

strong modification of the pitch-derived hard carbons structure.
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Figure 1. (a) XRD diagrams and (b) Raman spectra of HCP, HCPOP-air3 and HCPOP-ox12.
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Additional characterization tests were conducted on these three samples in order to
understand better the structural evolution. Raman spectroscopy was performed and the spectra
display two intense bands in the 1100-1700 cm™! range (cf. Figure 1b). The first band at around
1350 cm™! corresponds to the defect-induced D-band due to a double resonance process. The
second band at around 1590 cm™! corresponds to the crystalline graphite G-band attributed to in-
plane vibrational mode of sp>-hybridized carbon. The ratio between the areas of fitted D and G
bands (Ap/Ag) can inform on the graphitization degree of the material. Many different models of
band fits and area calculations exist in literature>®®* but the one used here is developed by
Monthioux’s team® fitting the D-band with 2 Lorentzians sharing the same center and the G-
band with a Breit-Wigner-Fano (BWF) equation taking into consideration its asymmetrical

feature. Ap/Ac values are reported in

Table 1. Variation of the Ap/Ag ratio once again shows the amorphization of the HC
structure occurring after pre-oxidation of the carbon precursor. HCPOP-0x12 exhibits the highest
Ap/Ag ratio of 1.9 which indicates the highest degree of structural disorder. This emphasizes the

structural impact of the pre-oxidation step under oxygen.

Table 1. Structural characteristics of the HCs from XRD and Raman analyses.

Sample dooz (A) L (A) La (A) Ap/Ac
HCP 3.5 36.0 - 1.5
HCPOP-air3 3.5 23.5 51.9 1.7
HCPOP-ox12 | 3.7 11.5 43.3 1.9
HCPOP-airl2 | 3.5 14.5 45.0 1.91

11



HCPOP-air48 3.6 12.6 43.9 1.94

HCPOP-air72 3.6 12.1 43.2 1.98

HCPOP-air200 | 3.6 11.7 43.4 1.95

A TEM study has been done to investigate the microstructure of these samples (HCP,
HCPOP-air3, HCPOP-o0x12). For HCP (cf. Figure 2a and b), organized and stacked layers of
graphene are observed in very large areas. On the one hand, typical graphitized microstructure
can be seen with very long and thick parallel graphene layers all in one direction such as in
Figure 2b. On the other hand, some randomly oriented stacks also exist but remain of great
amount and size (cf. Figure 2a). The FFTs associated to both areas exhibit two relatively well
defined rings. In Figure 2b, the first ring attributed to (002) diffraction plane is actually an arc
highlighting the preferred orientation of the graphene layers. In both areas, the average interlayer
spacing measured in the HRTEM and in the FFT mode is 3.5 A which is in good agreement with
the X-ray characterization. HCPOP-air3 presents a more disorganized microstructure with
smaller BSUs, randomly oriented as in Figure 2¢, and with an average interlayer spacing of
3.6 A based on HRTEM and FFT measurements. The FFT rings are a little more diffuse showing
a slightly less organized structure. However, some graphite-like areas with very long and thick
parallel graphene layers all in one direction can also be found (cf. Figure 2d) but in a lesser
amount. This is once again represented in the FFT by an arc. The average interlayer spacing
measured both by HRTEM and FFT is 3.5 A. These two domains explain the shape of HCPOP-
air3 XRD diagram where the (002) peak is broader than in HCP. In the case of HCPOP-0x12, the
TEM observation exhibits two different microstructures. The first one is highly disorganized and

no BSUs are observed which gives an amorphous signal through the FFT mode (cf. Figure 2e).
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The second microstructure is composed of spherical particles of around 150 nm diameter in
which the graphene layers follow the rounded shape of the grain. The FFT performed on these
areas presents an even more diffusive contribution than with the first samples indicating a
variation of the parameter along the c axis. Moreover, the (002) ring is smaller showing a larger
interlayer spacing of 3,7 A (cf. Figure 2f). These two types of arrangement (amorphous phases
and rounded shape particles) explain the very broad (002) peak in the XRD characterization.

These observations show that the pre-oxidation can indeed hinder the graphitization of the pitch.

13



Figure 2. HRTEM micrographs and associated FFT of (a-b) pristine-pitch-derived HC, (c-d) 3-
hour-air pre-oxidation pitch-derived HC and (e-f) 12-hour-oxygen pre-oxidation pitch-derived
HC.

The pre-oxidation under oxygen flow is really efficient and offers very promising results

but using pure oxygen flow makes it harder to consider industrializing such a process. For that
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reason, the same pretreatment was redone using air flow instead. A series of samples was
prepared in order to highlight the impact of the pre-oxidation time, ranging from 12 hours to 200
hours. The XRD diagrams are depicted in Figure S2 (Supporting Information). The
amorphization of the structure really improves when pre-oxidation time increases as revealed by
the broadening of (002) peak. Decreasing L. crystallite size also proves the same point. However,
it also highlights the limit reached by this optimization. Indeed, from 12 hours to 48 hours, L.
decreases by 13% from 1.45 nm to 1.26 nm, but from 48 hours to 200 hours it only decreases by
7% from 1.26 nm to 1.17 nm. The same observation can be made with L. crystallite size in a
smaller extent. Raman spectroscopy was also done on these samples and the Ap/Ag values are

reported in

Table 1. Evolution is very low but an increase in this ratio is noticeable from 1.91 to 1.98
for 12-hour and 72-hour respectively, showing a slight amorphization of the structure. Ap/Ag

then decreases to 1.95 after a pre-oxidation of 200 hours.

Thermal analysis (TGA) was employed to investigate the pre-oxidation step of pitch by
studying the mass gain and the gases removal when the precursor is annealed to 300°C at
5°C.min"! for 12 hours under air. TGA curve (cf. Figure S3, Supporting Information) shows that
the sample weight uptake during the first two hours is 4.5 % which is related to the oxygen
inclusion into the material and only then the mass loss occurs very slowly due to the pitch
decomposition. The gases detected by the mass spectrometer are water and carbon dioxide. This
shows the importance of the kinetics of the pretreatment and the need to find an optimum pre-
oxidation duration that allows efficient oxygen incorporation into the pitch before molecules

volatilization occurs degrading the material. Indeed, carbon yield decreases from 64% for the 12-
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hour pre-oxidized pitch-derived HC to 33% for the 200-hour one. That may explain also why a

limit in structure amorphization is reached after 48-72 hours of air pre-oxidation.

Elemental analyses were conducted on five samples before and after pyrolysis at 1400°C

and the data are depicted in

Table 2. Before pyrolysis, the results show that carbon content is decreasing with
increasing pre-oxidation time while oxygen content clearly increases (Figure 3a). From 3-hour
ambient air pre-oxidation to 200-hour air flow pre-oxidation, C content decreases from 89.4 to
63.8 wt% and O content increases from 2.1 to 32.2 wt%. Increasing oxygen content would help
creating reticulations in the structure which is in good agreement with hindering the
graphitization process during pyrolysis. Hydrogen content decreases but with a less obvious
evolution. After pyrolysis, all oxygen content disappeared letting a material containing almost

only carbon as reported in

Table 2.

Table 2. Carbon, hydrogen and oxygen contents from elemental analyses for different treated, or
not treated, pitch samples before and after pyrolysis.

Before pyrolysis After pyrolysis at 1400°C
Sambple C content | H content | O content Sample C content | H content | O content
P (Wt%) (Wt%) (Wt%) P (Wt%) (Wt%) (Wt%)
P-N2 94.2 5.5 <0.05 HCP 94.9 0.1 <0.05
POP-air3 89.4 4.8 2.1 H(;Ii)gp_ 99 <0.05 <0.05
POP-0x12 78.8 2.9 14.3 HS)I:I%P_ 99 0.2 <0.05
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POP-air48 71.4 2.4 22.7 HC.POP_ 96.3 0.3 <0.05
aird8
POP- HCPOP-
2ir200 63.8 1.9 32.2 Air200 93.7 0.3 <0.05

XPS analyses were conducted on these same five samples after pyrolysis. The first survey
of spectra highlights only two peaks at 284.6 eV and 533.2 eV attributed to C 1s and O s,
respectively. As elemental results already showed, there is no huge difference between the
samples after pyrolysis (Table S1, Supporting Information) but it allowed to confirm the
presence of C — O bonding at the surface of the carbons. High-resolution spectra of O 1s were all
similar whereas that of C s revealed a slight increase of C — O bonding contribution (Figure S4,
Supporting Information) from the pristine-pitch-derived hard carbon HCP to the oxygen pre-
oxidized pitch-derived hard carbon HCPOP-0x12, showing the impact of the pretreatment under
oxygen flow. The areas of the fitted peaks are depicted in Figure 3b showing the evolution of C
— O bonds at the surface of the samples. C-OH and C-O-C bond-type contributions increase from
5.2% to 13.7% from the 3-hour ambient air pre-oxidation HC to the 200-hour air flow pre-
oxidized HC whereas C=0 bond-type contribution seems to decrease slightly. The latter
observation is attributed to the CO; release upon prolonged heat treatment. XPS analyses on
treated pitches before pyrolysis were unfortunately not possible due to contamination of the

analysis chamber by aromatic molecules.

17
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Figure 3. (a) Carbon, hydrogen and oxygen contents from elemental analyses for different
treated, or not treated, pitch samples before pyrolysis. (b) Fitted area of C — O bonds based on
high resolution C 1s spectra at the surface of different treated, or not treated, pitch-derived hard
carbons.

Presence of defects in hard carbon structure is of great diversity. It ranges from sp’
hybridized carbons to mono- or di- vacancies, dangling bonds, and extreme curvature in
graphene sheets.?® A dangling bond implies the presence of an under-coordinated carbon atom
which makes it a defect of high formation energy.®! The pyrolysis allows these defects to form as
the atoms are not in the thermodynamic equilibrium during the process.®* The formation of
dangling bonds often comes along with strains in the system due to the removal of a carbon
atom. These features cause an increase of the reactivity of the carbon atoms in the vicinity of the
vacancy where sodium can very strongly attach.®® This is partly the cause of a high irreversibility
at first cycle in sodium-ion batteries.**>** Dangling bonds are also likely inclined to lead to
binding with other graphene sheets and therefore to reticulate the structure.®> We hypothesize
that this phenomenon is presumably occurring with the help of the pre-oxidation process which
already reticulates the structure by incorporation of oxygen. Dangling bonds density in pre-
oxidized derived hard carbons, such as HCPOP-0x12, is therefore greatly decreased which is

consistent with the increase of the initial coulombic efficiency, as it will be discussed later.
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Similar to hydrogen addition in hard carbon structure by H> reduction, the oxygen addition
arising from the pre-oxidation is expected to occur with surface dangling bonds or other defect
sites. Moreover, in the case of hydrogen incorporation, this occurrence has shown to immensely

reduce the first irreversible loss in lithium-ion batteries.**

The porosities and the specific surface areas of the synthesized HCs were studied by
nitrogen adsorption/ desorption analyses. All the samples show a mixture of Type I and II
isotherms. The adsorption isotherms of HCP, HCPOP-air3 and HCPOP-0x12 are depicted in
Figure 4. It is noticeable that the first point at very low relative pressure P/Pg is high which is
evidence of microporosity within the texture. The oxygen pre-oxidized pitch-derived hard carbon
shows a higher adsorbed volume than the pristine pitch-derived hard carbon and the air pre-
oxidized pitch-derived hard carbon. This indicates larger microporous volume in HCPOP-o0x12,
with 1.5 cm®.g"! quantity adsorbed which is more than three times higher than HCP’s value with
only 0.4 cm®.g”!. However, further analyses such as CO; adsorption would be necessary to fully

describe the ultra-microporosity of these hard carbons.
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Figure 4. Nitrogen adsorption isotherms of HCP, HCP-air3 and HCP-ox12.

BET specific surface areas are calculated from these nitrogen adsorption isotherms and

results are reported in

Table 3. HCP and HCPOP-air3 exhibit surprisingly low surface of Sper = 2.4 m?.g! and
1.5 m>.g!, respectively, whereas HCPOP-o0x 12 has a BET surface area of 6.6 m>.g™!. HCs with
low surface area (< 10 m2.g’") are more valuable as negative electrode of SIBs in order to reduce
the irreversibility at first cycle. However, HCP and HCPOP-air3 do not have a suitable micro-
structure for sodium insertion because they are too graphitized as discussed previously. Nitrogen
adsorption isotherms for all the other HCs derived from air-pre-oxidized pitches also present a
mixture of Type I and II isotherms (cf. Figure S5, Supporting Information) and their Sggt

increases with increasing pre-oxidation duration (cf.
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Table 3). Indeed, the HC sample derived from 12-hour-pre-oxidation under air exhibits
11 m2.g ™! BET specific surface area and the one from 200-hour-pre-oxidation has a much higher
SeeT (49.7 m2.g™!). Quantity of accessible micropores also increases as HCPOP-air12 exhibits 2.3

cm®.g™! of adsorbed N> whereas this value reaches 12.2 cm®.g™! for HCPOP-air200.

Table 3. BET specific surface areas, densities and irreversibilities at first cycle of all the HCs
studied.

Sample Seet N2 (m2.g) Irrevcce;zile)i(l(i;jf) at 1" dpycno (g.cm™)

HCP 2.4 37 2.08
HCPOP-air3 1.5 21 1.84
HCPOP-0x12 6.6 10 1.92
HCPOP-air12 11 14 1.88
HCPOP-air48 18.9 16 1.95
HCPOP-air72 7.2 13 1.95
HCPOP-air200 49.7 22 2.07

Helium pycnometric densities have been measured for each sample and are reported in

Table 3. Values are all included between amorphous carbon (1.5-1.8 g.cm™) and graphite
(2.2 g.cm™). The smallest density is obtained for HCPOP-air3 with 1.84 g.cm™ and the largest
one is obtained for HCP with 2.08 g.cm™. The HC derived from a 12-hour pre-oxidized pitch
under air flow has a density as low as HCPOP-air3 with 1.88 g.cm™ which indicates rather more
non-accessible pores to He (closed pores, ultra-micropores) in the texture, whereas the HC
derived from a 200-hour pre-oxidized pitch under air flow has a density just as high as HCP with

2.07 g.cm? indicating lots of accessible pores in the texture. Pycnometric density increases with
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increasing pre-oxidation duration, which means that the samples tend to have less and less non-
accessible pores in their texture. HCPOP-air12 has a more porous structure than when the pitch

is pre-oxidized for longer times (48, 72 and 200 hours).

All these results very precisely emphasize, for the first time, the impact of the pre-
oxidation atmosphere and duration. We herein aim to call attention to the pre-treatment

conditions in general as key parameters to tune the hard carbons structure.

HARD CARBON ELECTROCHEMICAL PERFORMANCES.

All the above characterized hard carbons were tested as negative electrodes of SIBs, in
coin cells vs. sodium metal. First galvanostatic curves and cyclability behaviors were plotted for
the non-treated pitch-derived hard carbon in comparison to the pre-oxidized ones (cf. Figure 5).
The galvanostatic curves of a hard carbon electrode cycled against sodium are characterized by
two regions: the slope region in the range of 0.1 — 2.5 V vs. Na"/Na and the plateau region at low
potential in the range of 0 — 0.1 V vs. Na"/Na. Although the mechanism of sodium insertion into
HC structure is still discussed in literature, the plateau region is obviously of great interest to the
electrode performance. The challenge is to have the longest plateau while maintaining the lowest

irreversibility at the first cycle.
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Figure 5. Electrochemical performances of HCP, HCPOP-air3 and HCPOP-o0x12. (a) First
galvanostatic curves at C/20 and (b) cyclability over 20 cycles.

The first galvanostatic curve for HCP shows almost no plateau region resulting in a very
poor reversible capacity at first cycle of 96 + 0.005 mAh.g! (error given by the reproducibility

on two coin-cells) for a current rate of C/20, as reported in

Table 4. This is due to its highly ordered structure as described above, which is not prone
to host sodium. Performances of HCPOP-air3 shows a first interesting improvement as a plateau
is slightly coming out delivering 154 + 1.2 mAh.g! of total reversible capacity at first cycle with
69 + 0.07 mAh.g"! attributed to the plateau region. However, these performances are still very far
from the expectations. The best improvement once again is obtained with HCPOP-0x12 with a
remarkable reversible capacity of 312 + 7.6 mAh.g™!. The plateau region represents a very
important contribution to the capacity with 190 + 4.3 mAh.g"!, or in other words, more than 60%
of the total reversible capacity. Moreover, irreversibility at first cycle is only of 10% when HCP
had 37% and HCPOP-air3 21%. As discussed previously, the strong decrease of irreversible
capacity for HCPOP-o0x12 is probably related to the reduction of the dangling bonds number by

reaction with oxygen during the pitch pre-oxidation treatment, while maintaining a low specific
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surface area (6.6 m%.g™!). The tuned hard carbon structure, brought by the control of the pre-

treatment conditions, allowed a strong improvement of the electrochemical performances of the

hard carbon.

The oxygen pre-oxidized pitch-derived hard carbon shows remarkable performances

which makes it the best sample to date for a pitch-derived hard carbon. Figure Sb reveals its

good cycling performance with still a capacity of 252 + 17 mAh.g™! after 20 cycles. Longer

cycling stability and power rate capability were not possible to test in half-cells. Indeed, multiple

studies showed that the use of metallic sodium as reference electrode is not reliable especially for

long term cycling tests (mainly due to the low chemical stability of its SEI) and that extra care

should be taken when concluding on two-electrode configuration half-cells results.®>7° That is

why the behaviors herein presented are not aimed to be extrapolated to full cells conclusions.

This may also explain the larger error on the capacity after 20 cycles. Assembly of full cells are

underway to investigate high rate and long cycling performances.

Table 4. Electrochemical performances of the hard carbons at first cycle at C/20.

Reversible capacity

Sample ICE (%) (mAh.g) Plateau (mAh.g™")
HCP 63 96 £ 0.005 26+ 0.1
HCPOP-air3 79+£0.3 154+1.2 69 +0.07
HCPOP-0x12 90 £ 0.02 312+ 7.6 190+ 4.3
HCPOP-airl2 86 £0.1 250+ 1.9 136 £ 0.3
HCPOP-air48 84+ 04 270+ 1.7 152 +0.3
HCPOP-air72 87+ 0.005 279+ 1.9 162 £0.2
HCPOP-air200 78 +£0.3 262 +£2.5 148 £2.5
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Samples pre-oxidized under air flow were also tested as negative electrodes of SIBs and
the first galvanostatic curves are shown in Figure S6 (Supporting Information). The results are
consistent with the observations made above. The amorphization increases with the pre-oxidation
time but also seems to reach a limit, which is confirmed with the reversible capacity at first
cycle. It increases until 279 + 1.9 mAh.g"! for a 72 hours pre-oxidation step but then decreases to
262 £ 2.5 mAh.g! for a 200 hours pre-oxidation treatment. Impressive performances reached
with 12-hour-oxygen pre-oxidation treatment are not achieved here even though the optimization

is clearly recorded.

The contributions of the slope and the plateau in the first reversible capacity are
represented in Figure 6. It shows first the impressive improvement made from the pristine-pitch-
derived hard carbon HCP. Interestingly, the slope capacity presents very low evolution and stays
around 115 + 1.9 mAh.g! for all the air pre-oxidized samples and 123 + 3.3 mAh.g"! for the
oxygen pre-oxidized one. It really is the plateau reversible capacity that changes a lot and brings
most of the contribution to the overall capacity. Indeed, the longer the plateau, the higher the
overall reversible capacity and the coulombic efficiency. This emphasizes once again the need to

focus all studies on the plateau region that we believe is the key of improvement.

The irreversibility values are reported in

Table 3. When correlated to the BET specific surface areas, all the pretreated samples
follow the same trend as the irreversibility increases when the surface area increases. Only HCP
and HCPOP-air3 with their very small Sger do not follow the trend because their structures are

the farthest from amorphous-like hard carbon. This highlights one more time the HCPOP-0x12
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sample with the smallest Sger and the lowest irreversibility at first cycle. The best performances
from a pre-oxidized pitch under air flow is obtained for a 72-hour pretreatment with Sger of 7.2

m>2.g! and an irreversibility at the first cycle of 13% % 0.005%.
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Figure 6. Irreversible capacity at the first cycle and contribution of the slope and the plateau in
the first reversible capacity for all the HCs synthesized.

CONCLUSIONS

In this work, we have shown that improvements can easily be done to hinder pitch
graphitization upon pyrolysis by a pre-oxidation treatment. Changing the pretreatment
atmosphere was a key parameter and using oxygen flow ensured that more oxygen atoms are
incorporated into the material to reticulate the structure. After pyrolysis, the resulting hard

carbon with high yield of 49% gave impressive Na storage performances with a reversible
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capacity reaching 312 mAh.g™! at first cycle (C/20) and 90% of initial coulombic efficiency.
These performances are the best obtained so far for a pitch-based hard carbon. The length of the
plateau region (below 0.1 V vs. Na'/Na) was a key parameter of this remarkable improvement
and contributes to 60% of the reversible capacity. Although pitch is a non-expensive material,
has one of the highest carbon yield among usual hard carbon precursors and the process is easy
to industrialize, the pre-oxidation atmosphere still needs to be changed (pure oxygen replaced by
air) for safety and economic issues. The time of air pre-oxidation revealed to be an important
parameter as the functionalization of the structure increased with increasing time. However, a
limit in the electrochemical performances was reached and one should not exceed 72 h of
pretreatment under these conditions. The high capacity obtained with oxygen pre-oxidation has
not been reached so far with air pre-oxidation but working on pre-oxidation temperature could
offer room for improvements. This study shows clearly the great influence of the pre-oxidation
conditions on the hard carbon characteristics and the extra-care one need to take in order to

improve its electrochemical performances.
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