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Non-graphitizing (so-called "hard") carbons, derived from natural and abundant precursors such as biomass,
sugars (e.g., glucose and sucrose) and polysaccharides (e.g., starch and cellulose), are widely investigated as
negative electrode materials for alkali metal-ion storage in secondary batteries because of their suitable struc-
tural features, including the unique “closed porosity”. The formation of such microstructures depends on the
heating conditions, such as the temperature or holding time of either carbohydrate condensation during pre-
liminary carbonization (“pre-carbonization”) or final carbonization. Numerous studies have extensively exam-
ined the impact of condensation and carbonization temperatures on the microstructure of hard carbons and
their resulting electrochemical properties. Comparatively less research attention has been devoted to the
influence of the heating rate in the low-temperature region, where it can be expected that the structure of
the final hard carbon is largely established and a significant impact can be expected. Hence, this work is dedi-
cated to investigating the effect of the rate of preheating, from room temperature to 600 °C, of glucose-
derived carbon on its structure and electrochemical properties after final high-temperature carbonization at
1500 °C. Hard carbons obtained using 2, 10 and 200 K min~ pre-carbonization temperature ramps exhibit
distinct differences in plateau capacity values for sodium (226 + 15.60 mAh g%, 206 + 13.27 mAh g%, and
192 + 9.44 mAh g%, respectively). This points to differences in closed porosity, defectiveness, and pore sym-
metry. The material preheated at the slowest ramp has the highest internal surface area, defectiveness, and
highly asymmetrical pores, thereby promoting an increase in specific sodiation capacity (326 + 21 mAh g™,
particularly pronounced in the plateau region (226 + 15.60 mAh g‘l). These findings imply the potential to
regulate the microstructure of hard carbons through the initial heating rate during carbonization.

development of portable electronics and electric vehicles." Their
rapid advancement sped up the evolution of large-scale energy

Since the commercialization of the graphite-LiCoO, system in storage systems.” The demand for lithium-ion batteries is set to
1991, lithium-ion batteries (LIBs) have played a crucial role in the triple by 2030, reaching over 3 TWh, highlighting a significant
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expansion in the market.> However, concerns, such as the imbal-
anced distribution of lithium across the world, human rights
issues regarding water delivery to the local population in the
“Lithium Triangle”, resilience of supply, and political issues
cause intensification of the development of alternative battery
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Sodium-ion batteries (SIBs) are considered as an emerging
complement to LIBs, particularly in large-scale energy storage
applications. This technology promises reduced cost, caused
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ions significantly affect the cell chemistry at the negative elec-
trode; that is, no suitable binary intercalation compounds with
graphite can be formed by Na.”® In view of this, research on
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suitable negative electrode materials for SIBs is of ever-increas-
ing importance. So far, non-graphitizing hard carbons (HCs)
have been considered promising alternatives to graphite
among the sp” carbon family for SIBs. This is due to their suit-
able working potential, favourable capacities, relatively low
cost as compared to alloying and conversion-type materials,
and long cycle life.’*® HC synthesis by the pyrolysis of renew-
able and low-cost carbon-rich organic precursors, such as
various carbohydrates and biomass, meets the requirements of
environmental compatibility and large-scale accessibility."*™°
HCs exhibit structures of enormous complexity. Their under-
standing and further modification are critical to achieve con-
trolled and targeted improvement of the electrochemical per-
formance. Therefore, over the past few years, extensive
research has focused on the correlation between the structural
and electrochemical characteristics of HCs.'””'® One of the
generally accepted approximations is that the structure of HCs
can be explained as an assemblage of two different carbon
motifs. They consist of randomly oriented, defective, turbostra-
tically stacked “graphite-like” nanosheets with enlarged inter-
layer distances (>0.335 nm) and graphene-like cross-links
curved away from a planar geometry."> This arrangement
results in unique nanoporosity, which is, however, often not
accessible to the adsorptive molecules or atoms in standard
physisorption measurements, or to some of the liquid electro-
lyte compounds (e.g., the solvent) during battery operation.
Although the exact mechanisms of sodium storage in HCs are
still being debated, according to one of the most reasonable
sodium storage mechanisms proposed by Stevens and
Dahn,”*?! in the “sloping region” of the charge-discharge
profile, where the potential vs. Na/Na® continuously decreases,
sodium intercalates into the domains of extended graphitic
layers. In the so-called “plateau region”, characterised by
nearly constant potential, and, thus, a significant portion of
electron transfer between the electrode and the metal, sodium

Martin Oschatz studied chem-
istry at  the  Technische
Universitit Dresden. He carried
out his Ph.D. studies in the
group of Stefan Kaskel and
graduated in 2015. In 2013, he
undertook a research stay with
Gleb Yushin at Georgia Tech.
After a postdoctoral stay at
Utrecht University in the group
w of Krijn de Jong, Martin joined
| the Colloid Chemistry

Department led by Markus

Antonietti at the MPI of Colloids
and Interfaces in November 2016. Since 2021, he has been a full
professor at Friedrich Schiller University Jena. His research is
focused on nanostructured carbon-based materials for energy and
environmental applications.

Martin Oschatz

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

forms metallic clusters inside the internal pores. Such metallic
phases were detected and discussed as the main contributor to
storage capacity in several small-angle X-ray scattering (SAXS)
studies, as well as solid-state NMR investigations.>*°
Considering all these facts, in recent years, more and more
attention has been given to gaining control over alterations in
the HC microstructure.”’>*> An illustrative example of the
description of this microstructure is the “falling cards model”
proposed by Dahn et al. The model explains the formation of
closed pores by reorientation of graphene sheets during temp-
erature treatment.*® Several studies confirm the effect of pyrol-
ysis conditions such as final carbonization temperature,
heating rate or holding time on this microstructure and, thus,
on the internal specific surface area (SSA) and ultimately the
electrochemical performance of HCs.**™*° However, before a
complex carbon structure is ultimately set at the final tempera-
ture, numerous chemical reactions take place in the precursor
systems already during condensation and pre-carbonization at
lower temperatures. In the first approximation, these include
C-H, C-OH, and C-C bond cleavage with subsequent for-
mation of free radicals, rearrangement of molecules, conden-
sation, elimination of side chains, and phase transitions.*!
These reactions take place at temperatures far below 1000 °C
and are decisive for the structure of HCs, even if finally a treat-
ment at higher temperatures is applied to achieve full carbon-
ization. To set the relevant structural motifs of HCs such as
closed pores and layer distances, the temperature range of
350-600 °C is anticipated to be crucial, since it has been
reported as the main decomposition region of glucose-derived
hydrothermal carbons.”” It can, thus, be expected that the
heating rates in this temperature region should have a major
impact on the structural evolution of the final HC microstruc-
ture. Generally, it has been reported that a low heating rate
(0.25-2 min™") during pyrolysis is advantageous to fabricate
HCs for high reversible capacity and cycling stability.**** For
the rapid preparation (300 °C min™"), a spark plasma sintering
technology, which integrates field-assisted sintering, plasma
activation, hot pressing, and resistance heating, has been
developed.*> Meanwhile, it has been identified that prelimi-
nary carbonization at temperatures below 600 °C plays a sig-
nificant role in enhancing the electrochemical performance of
HCs.*®*” Additionally, Kamiyama et al. observed an enhance-
ment in plateau capacity for MgO-templated hard carbon pre-
carbonized at 600 °C.>® However, the influence of the heating
rate of the preliminary carbonization has not yet been investi-
gated in depth. Therefore, in this study, it was examined how
pre-carbonization at various heating rates, up to 600 °C, of
glucose hydrothermal spheres impacts the final carbon
structure after treatment at 1500 °C. The final carbonization
temperature was selected based on the study of Au et al.,*
which reported this temperature as the most favorable for
achieving improved electrochemical performance of hydro-
thermal carbons. By combining data from wide-angle X-ray
scattering (WAXS), SAXS, and gas physisorption techniques, to
analyze the electrochemical data in HC-sodium half-cells, an
empirical link between structural factors and sodium storage
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is established. For a series of three samples prepared with
different pre-carbonization rates, namely 2, 10 and 200 K
min~", it was found that, despite a comparable degree of car-
bonization, parameters, such as internal surface area, pore
asymmetry, and defectiveness, increased for the HC that was
preheated at the slowest rate. These structural properties of
HCs are beneficial for reversible sodium storage capacity, par-
ticularly in the plateau region (below 0.1 V). Conversely, the
fastest preheated HC displays a decrease in sodiation capacity.
The observed trends could be attributed to differences in
glucose condensation and decomposition and/or to the trap-
ping of precursors within the structure during slow pre-
heating, wherein they can subsequently act as templates at
elevated temperature. While the structural variances may
appear minor upon initial observation, this study sheds light
on the control of material structures during intermediate low-
temperature processing. It, thus, offers insights into the future
design, development, and characterization of non-graphitizing
carbons with adjustable porosity as negative electrode
materials for SIBs.

Experimental
Synthesis of materials

Hard carbons were prepared by hydrothermal carbonisation of
glucose, followed by two-stage high-temperature treatment,
divided into pre-carbonization and final carbonization.
Typically, 10 g p-glucose (>99%, Sigma Aldrich) was dissolved
in 62.5 mL of distilled water. The solution was transferred into
a 100 mL Teflon-lined stainless-steel autoclave, subsequently
heated to 200 °C and kept for 12 h (drying oven DRY-Line
Prime, VWR). The resulting gel-like material was dried at
160 °C for 6 h (drying oven DRY-Line Prime, VWR). After grind-
ing in a mortar, the powder was placed in a porcelain-combus-
tion boat and pre-carbonized at 600 °C for 1 h under a N, flow
with heating rates of 2, 10 and 200 K min~". Preliminary car-
bonizations at rates of 2 K min™ and 10 K min™" were carried
out in a horizontal tube furnace Carbolite Gero. An infrared
furnace, Behr IRF, 10 was used for applying a 200 K min™"
heating rate. A holding time of 1 hour was applied for all
samples. The final carbonization was conducted in a high-
temperature oven LORA, HTM Reetz at 1500 °C for 2 h under a
N, flow with an identical heating rate of 3 K min™". The result-
ing materials after pre-carbonization were labeled as HC-X-
600, and those after the final heat treatment were denoted as
HC-X-600-1500, where X refers to the heating rate applied
during the pre-carbonization stage. For recording Fourier-
transform infrared (FTIR) spectra of intermediates, hydrochar
of glucose obtained hydrothermally at 200 °C was heated to
different temperatures under a N, flow at heating rates of 2
and 10 (Carbolite Gero horizontal tube furnace) and 200 K
min~' (Behr IRF 10 infrared furnace), respectively, with a
holding time of 1 minute. The resulting samples were named
HC-X-Y, where X refers to the heating rate and Y to the temp-
erature at which the intermediate was obtained.
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Characterization of the materials

N, and CO, physisorption measurements were carried out on a
volumetric gas sorption analyser (Quantachrome Quadrasorb)
at —196 °C and 0 °C, respectively. Quenched-solid density func-
tional theory (QSDFT, for N, at 77 K on carbon surfaces with
slit/cylindrical pores and adsorption branch kernel) and a
non-local density functional theory model (NLDFT, for CO, at
273 K on carbon) were used to determine the pore/ultramicro-
pore volume, pore size distributions, and specific surface areas
available for the adsorptive molecules. Ar isotherms of inter-
mediates were recorded at —186 °C using a Vapor200C gas
sorption analyzer from 3P Instruments. Quenched solid
density functional theory (QSDFT) from the adsorption branch
of the Ar isotherm for cylindrical/sphere shaped carbon pores
was used to calculate the pore size distributions and specific
surface areas. H,O vapor adsorption/desorption isotherms
were recorded volumetrically using an Autosorb IQ apparatus
(Quantachrome Instruments). The analysis temperature was
controlled using a circulating-bath temperature controller with
an accuracy of 0.1 K. Before N,, CO,, and Ar gas physisorption
measurements, samples were outgassed at 150 °C under
vacuum for 24 h. For H,O vapor sorption experiments,
samples were outgassed at 200 °C under vacuum for 24 hours.

X-ray photoelectron spectroscopy (XPS) was conducted with
a K-alpha spectrometer from Thermo Fisher Scientific. All
samples were fixed on adhesive Cu-tape. For charge compen-
sation, a flood gun was used during the measurement, which
was calibrated to C—=C in PE 284.8 eV + 0.1 eV. Therefore, the
binding energy was not further corrected. The measured spot
size was 400 um for each sample. For compositional data, a
survey spectrum with a step size of 1 eV and a pass energy of
100 eV was recorded. High-resolution spectra were recorded
with a step size of 0.05 eV and a pass energy of 30 eV and 3-5
scans for each element. The data were analysed using Avantage
v6.6.0 from Thermo Fisher Scientific.

For transmission electron microscopy (TEM) investigations,
materials were loaded onto holey carbon grids and images
were acquired using a 200 kV FEI Tecnai G2FEG equipped with
an Oxford 80 mm” energy-dispersive silicon drift X-ray detector
and a Gatan UltraScan 2k CCD camera. Raman spectra of HCs
were obtained on a Raman microscope (inVia, Renishaw,
633 nm laser wavelength, 50x LWD objective). Spectra were
recorded in the range of 500-3600 cm™" with three accumu-
lations at a laser power of 3.5 mW. The spectra were separately
fitted using Lorentzian functions in OriginPro 2021 software
assuming a 4-band model.*® The Ip/Ig and I,/Ig ratios were
determined from the peak maximum intensities obtained
through the fitting procedure.

Carbon, hydrogen, nitrogen, and sulfur (C/H/N/S) elemental
analysis (EA) was performed using a Vario Micro device via
combustion analysis. The oxygen content was determined by
subtracting the measured amounts of carbon, hydrogen, and
nitrogen from 100% (sulfur content was below the detection
limit in all cases). Wide-angle X-ray scattering (WAXS) patterns
were recorded on a Bruker D2 Phaser and a Bruker D8 Advance

This journal is © The Royal Society of Chemistry 2025
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with Bragg-Brentano geometry in a 26 range of 10-70° with a
step size of 0.02° using CuKa (4 = 0.154 nm) radiation. The
anode voltage was 30 kV and the anode current was 10 mA. A
horizontal silicon single crystal was used as a sample holder.
The structural parameters were determined by applying the
Ruland and Smarsly algorithm to the measured data.*™>?
Small-angle X-ray scattering (SAXS) measurements were
conducted using the custom-built FlexSAXS system at
Helmholtz-Zentrum Berlin. SAXS data were collected with a
DECTRIS PILATUS3 100K-M detector at a fixed distance of
20.12 cm. All samples were measured in a vacuum with a
custom-made sample holder, using an IyS HIGHBRILLIANCE
CuKa Microfocus X-Ray source and an exposure time of 5.3
seconds. Background scattering intensities were measured sep-
arately under identical conditions. A sample thickness of
0.2 mm was used for data reduction, and the data were cor-
rected for the respective sample transmission values.
Scattering of the samples was acquired within the scattering
vector range of 0.1 < ¢ < 7 nm™". The apparent density of the
carbon powder was used to normalize the macroscopic scatter-
ing cross-sections, yielding units in the cm® g™' range.
Normalized scattering intensities vs. scattering vector curves
can be used to directly analyse several structural parameters in
a model-free manner. This analytical method has been suc-
cessfully utilized in several prior studies.’®**™> Therefore, a
detailed explanation of the analytical process is provided in
the ESL{ FTIR spectra were acquired using a Shimadzu IR
Spirit QATR-S FTIR spectrometer. Thermogravimetric analyses
(TGA) were performed on a Netzsch STA 449 in Al,O; crucibles
under N, in a temperature range from 25 °C to 1000 °C at a

fixed heating rate of 2 as well as 10 K min~".

Electrochemical measurements

Typically, 135 mg of active material was mixed with 7.5 mg of
conductive carbon black Super C65 (Imerys Graphite &
Carbon) as well as 375 pl of 20 mg ml™" water solution of
carboxymethylcellulose (CMC) from Sigma Aldrich. The
mixture was treated in an impact ball mill, Fritsch
PULVERISETTE 23, at 50 Hz for 3 minutes. The obtained
slurry was coated onto carbon-covered aluminium foil (MTI
Corporation) using a doctor blade at 100 pm wet film thick-
ness at 30 mm s '. All electrodes were dried for 24 hours in a
vacuum oven at 70 °C, and then discs of 12 mm diameter were
punched from the electrode sheets for half-cell measurements.
The areal loading of the electrodes ranged from 2.03 to
2.32 mg cm™?, primarily depending on the filling density of
the active material. Electrochemical experiments were per-
formed in a two-electrode setup using Swagelok-type cells and
a Biologic MPG-2 potentiostat. Sodium metal (Sigma Aldrich)
discs were applied as counter and reference electrodes. The
electrolyte was 1 M NaPF in a 6 : 4 v/v mixture of ethylene car-
bonate (EC) and diethyl carbonate (DEC). The amount of elec-
trolyte in each half-cell was 150 pL. A Celgard 2310 PEO mem-
brane (Asahi Kasei Corporation) along with a glass fibre filter
(Whatman GF/C, GE Healthcare) was used as a separator. The
applied current densities were chosen with respect to the

This journal is © The Royal Society of Chemistry 2025
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theoretical capacity of a Li-graphite anode (C37, = 372 mAh
g~ "). The bulk sodium plating capacity was determined at C/20
(18.6 mA g™ %), as the capacity at which the crystallization over-
potential occurred, by intentionally oversodiating the HC elec-
trode after cycling in a voltage range of 2.5-0.002 V for six
cycles.>®

Results and discussion

Structural characterization

The TGA data of the hydrochar, recorded at different heating
rates, provide initial insight into the kinetics of the pre-carbon-
ization. As can be observed, until approximately 340 °C, the
heating rate does not significantly impact the mass reduction
(Fig. Siat). However, above this temperature, fast heating
results in a slightly lower mass loss, and at 600 °C, this differ-
ence becomes more pronounced. This, in turn, points to
altered kinetics of the rearrangement of native carbon motifs
in condensation reactions in the previously reported main
decomposition region.*?

FT-IR spectra offer information about changes in function-
alities that occur during heat treatment. The spectra of
samples heated up to 300 °C still display comparable stretch-
ing vibrations to those of the hydrochar (¢(OH) ~ 3500 cm™’;
Y(C—Hajiphatic) ~ 2970 cm™" for methyl groups and ~2925 cm™"
for methylene groups; ¥(C=0) ~ 1705 cm™'; and y(C=C) ~
1606 cm™').*>*”*® The signal around 798 cm™" corresponds to
the aromatic C-H out-of-plane bending vibrations (§(C-Hout of
plane)) (Fig. S1b7).>* Nevertheless, compared to hydrochar, HC-
X-300 exhibits an enhancement of C=C and a reduction in
C=O0 stretching bands, along with no significant changes in
8(C—Hout of piane), reflecting oxygen loss and ring condensation
without significant structural reorganization. This behavior is
typical for heat treatments at low temperatures.®® Relatively
modest changes, however, are observed for HC-200-300,
suggesting that the material is more carbon-rich, likely as a
result of faster reaction kinetics. After 450 °C, the most promi-
nent decrease in the intensity of C=O and C=C stretching
vibrations is observed for the carbon obtained at the highest
heating rate (HC-200-450) (Fig. Sict). Furthermore, the
appearance of the C-Hgromatic” Stretching vibration at approxi-
mately 3040 cm™, along with well-resolved spectral bands at
874, 811, and 749 em™" (8(C-Hoye of plane))s reflects a struc-
tural evolution towards a more aromatic material compared to
HC-2-450 and HC-10-450.

After 600 °C, when preliminary carbonization is completed,
all samples exhibit FT-IR spectra with decreased oxygenated
functionalities and increased aromatic domains, typical for
carbons obtained at that temperature (Fig. S1df).*>?
Furthermore, spectra show that all materials are chemically
comparable. This is further confirmed by elemental analysis
(Table S17) and XPS (Fig. S2 and Table S21).

After high-temperature treatment, the transmission electron
microscopy images recorded at lower magnifications show that
HC-X-600-1500 carbons retain a spherical morphology, and

Nanoscale, 2025,17,18678-18689 | 18681
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the diameter of the spheres is in the range of 0.5-2 um
(Fig. S3a—ct). At higher magnifications, TEM images of HC-X-
600-1500 (Fig. S3d-ff) demonstrate turbostratic microstruc-
tures composed of mostly disordered domains, which is
typical for hard carbons prepared at 1500 °C.*

Raman spectroscopy provides insights into the chemical
binding motifs within the carbon materials, as well as their
carbonization/graphitization degree. Typically, hard carbons
exhibit broad peaks around 1355 (D-band) and 1581 cm™*
(G-band), related to in-plane sp> C-bond breathing (at graphite
defects) and stretching modes. Thus, the intensity ratio
between G and D peaks (Ip/I;) provides information about the
degree of defectiveness and disorder, if a perfectly ordered gra-
phitic material is taken as the reference.®>** An additional
sign of disorder arises from the A-band (1483 cm™), situated
between the D- and G-bands, stemming from amorphous
structures. Generally, all HC-X-600-1500 materials exhibit a
well-organized structure resulting in distinct Raman peaks, as
anticipated following thermal treatment at 1500 °C (Fig. S47).
The A-band displays low intensity across all samples, while the
overtones of D + G and 2D (2898 and 2652 cm ™", respectively)
are observable. The comparable values of Ip/Ig and I,/Ig ratios
suggest similarities in the microstructure across the samples
(Table S3t1). The same phenomenon is also observed in the
carbons obtained after 600 °C (Fig. S51).

Using wide-angle X-ray scattering analysis, the microstruc-
ture of the non-crystalline carbon materials was further investi-
gated. The algorithm of Ruland and Smarsly for fitting the
WAXS patterns was applied in order to allow for the quantifi-
cation of parameters, such as the expansion of graphitic
regions in lateral and stacking directions, which then can be
correlated well with electrochemical data.®® Ordinarily, the

Table 1 WAXS?/SAXS? parameters of HC-X—600-1500

View Article Online

Nanoscale

WAXS patterns of HC-X-600-1500 (Fig. S61) demonstrate the
characteristic reflections of disordered hard carbon materials,
corresponding to (002), (100), and (110) planes.®® It is impor-
tant to note that the Ruland and Smarsly algorithm focuses on
the characteristic diffraction peaks of non-graphitic carbon,
primarily the (002) and (100) reflections, and to a lesser extent,
the (110) reflection. Signals originating from non-carbon com-
ponents or the amorphous background are not considered.
Despite this, the model exhibits deviations within +1% for
most of the profiles and remains within +5% even in regions
near the unresolved hump in the range of 0.6-0.7 A™*.>% As can
be observed, the 2 theta positions, as well as the intensities of
reflections, are comparable for all materials. While the stan-
dard deviation of the first-neighbour distribution (indicating
lateral disorder), 6, remains unchanged for all samples, para-
meters, such as the interlayer distance, a3, the average stacking
size, L., and the average number of graphene layers per stack,
N, slightly increase with reducing pre-carbonization heating
rate (Table 1). The average length of the graphene layer, L,, is
of the same order of magnitude for all hard carbons (Table 1).
To summarize trends between all WAXS parameters, the micro-
structural differences between glucose-derived hard carbons
are insignificant. This indicates that the microstructure of the
investigated HCs is comparable. No remarkable differences in
the microstructure are also revealed after treatment at 600 °C
(Fig. S7 and Table S4t). This is consistent with the findings
from Raman spectroscopy (Fig. S4, Table S3 and Fig. S57).

The contrast in small-angle X-ray scattering is the difference
in electron densities between vacuum (pores) and carbon
throughout the sample; thus, SAXS allows for the detection of
the entire porosity (i.e., mesostructure). The SAXS patterns
acquired for HC-X-600-1500 resemble those demonstrated in

Parameter HC-2-600-1500 HC-10-600-1500 HC-200-600-1500

L,, nm 6.3+1.3 71+1.4 6.3+1.3

61, NM 0.012 + 0.001 0.013 + 0.001 0.012 + 0.001

L, nm 0.77 + 0.2 0.73 + 0.2 0.66 + 0.2 1
N 2.12 + 0.05 2.01 + 0.06 1.81 +0.05 1
a;, nm 0.365 + 0.002 0.363 + 0.002 0.363 + 0.002 !
Bg, em” g7 nm™? 18.4 +1.7 1.76 + 0.5 0.84 +0.24 l
P, cm *g” ' nm™* 0.07 +0.01 0.02 + 0.005 0.013 + 0.002

Iz, NmM 0.9 0.2 1.4+0.3 1.4+0.3 1
Sim, m* g~* 769 + 209 204 + 57 175 + 36 !
Qm,cm® g ' nm™ 3.77 + 0.48 1.34 + 0.25 0.97 +0.17 1
') 0.29 + 0.04 0.10 + 0.02 0.085 + 0.015 1
L/L, 49.8 + 15.38 22.6+ 8.4 21.75 + 6.4 1
I, nm 42.5+5.6 25.1+4.7 26.9 + 4.7 !
I,, nm 0.85 +0.24 1.11 + 0.36 1.23 £0.29 1
Lsolid, NM 2.9 +0.90 10.82 £ 4.2 14.4 +4.32 1
lpore, nm 1.21 + 0.52 1.24 + 0.63 1.35 + 0.54

(Aas/as® + APIR/IR%) 0.62 +0.13 0.06 + 0.023 0.033 +0.01 !

L, - average graphene layer extent - intralayer scattering; o; — standard deviation of the first-neighbour distribution (shows lateral disorder); L. -
average stacking size; N — average number of graphene layers per stack; a; — average interlayer spacing - interlayer scattering component; By —

fluctuation component; Py, — Porod constant; S/m -
sity; [ — length of coherence; [,
pore walls lpore — average chord length of the pore; (Azag/a3 + A/ -

inner surface; Qp, —

invariant expressed per unit mass; Ir — lateral correlation length; ¢ - poro-
- average chord length; /I, - anisometric ratio, describing the shape of the pores; lsolia —

average chord length of
degree of dlsorder, interlayer spacing a; estimated from WAXS. “ CarbX:

a program for the evaluation of wide-angle X-ray scattering data of non-graphitic carbons.”® * Model-free SAXS analysis.
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the literature, suggesting the existence of a microporous struc-
ture, possibly even beyond the porosity detectable by gas sorp-
tion (Fig. $8t1).>>%” Parameters derived from SAXS are pre-
sented in Table 1. A simplified structural model is developed
from this and will be correlated with the electrochemical data
later as illustrated in Fig. 4. Generally, all carbons after high-
temperature processing represent high total porosity. However,
employing pre-carbonization with varying kinetics contributes
to certain changes. The parameters ¢ and S/m, which are cor-
related with porosity and inner surface, respectively, reach
their maximum values with the lowest pre-carbonization
heating rate and conversely decrease with the higher one. It is
also noticeable that the asymmetry of the pores, embodied in
the ratio [./I,, is the greatest for HC-2-600-1500; however, the
pore size, l,ore, for all carbons is comparable. Interestingly,
HC-200-600-1500 exhibits the thickest pore wall, 4, and
this parameter decreases as the preheating rate decreases.
Remarkably, HC-200-600-1500 has the thickest pore wall,
lso1id, and this parameter decreases with a decrease in the pre-
heating rate. The fluctuation component, By, which describes
defects on the surface, as well as the length of coherence, [,
increases with decreasing pre-carbonization heating rate. This
indicates that HC-2-600-1500 exhibits the surface with the
highest level of defects. Furthermore, this is in line with the
decrease in the parameter I, corresponding to the curvature
of the graphene layer, and a slight increase in disorder (4%a,/
as” + A%Ig/Ig%). Therefore, it can be assumed that a fast preheat-
ing rate leads to the smoothing of structural defects, while a
slow rate leads to higher defectivity. Moreover, a fast heating
rate results in thicker pore walls and more curved carbon
layers.

The scattering patterns of HC-X-600 samples, shown in
Fig. S9,T draw the reader’s attention to changes compared to
those measured for HC-X-600-1500 (Fig. S8f), particularly
within the micropore length scale range, relevant to the
sodium nucleation and sodiation mechanism discussed in the
Electrochemical characterization section. The scattering data
immediately reveal intensity shifts and curve broadening, pri-
marily characteristic of microporous carbon around g >
1 nm™", indicating localized changes in pore architecture. The

View Article Online
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model-free analysis failed to reliably quantify the proportion of
lateral imperfections in the carbon layers caused probably by
the precursor being trapped in the structure; therefore, this
approach was not applied to HC-X-600 samples.

Generally, a high volume of open porosity correlates with a
significant decrease in the energy density of the cell, due to
the formation of an inactive mass of the solid-electrolyte inter-
face (SEI) during the first cycle."**®® Thus, N,, CO, and H,0
vapour sorption experiments are conducted to provide details
on the open porosity of HC-X-600-1500. N, physisorption iso-
therms of HC-X-600-1500 (Fig. 1a) can be classified as IUPAC
Type-II, which is typical for non-porous materials.”’ The
surface areas determined by the QSDFT method are between
11 and 15 m® g~', demonstrating comparable and low nitrogen
accessible porosity for all carbons. It is noteworthy that ultra-
micropores (<0.7 nm), as well as closed pores, are undetectable
by N, physisorption, mostly due to restricted diffusion under
cryogenic conditions.”® Because of the elevated diffusion at
higher temperatures and smaller kinetic diameter, CO, physi-
sorption at 273 K emerges as a preferable technique for explor-
ing such ultramicropores.”! Upon analyzing the CO, physisorp-
tion isotherms of HC-X-600-1500 (Fig. 1b), a discernible
difference in porosity between the carbons is detected. The iso-
therm of HC-2-600-1500 displays the highest gas uptake at 1
atm pressure among all HC-X-600-1500, whereas HC
200-600-1500 shows the lowest. The pore size distribution and
cumulative pore volume, calculated using the NLDFT model
(Fig. S107), indicate that a reduction in the heating rate during
pre-carbonization results in an increase in ultramicropore
volume (particularly for pores smaller than 0.3 nm) after high-
temperature treatment, while remaining within the typical
range for hard carbons prepared at 1500 °C.>**”> Due to the
smaller kinetic diameter of the adsorptive (0.265 nm) and the
higher measurement temperature (298 K), H,O vapor physi-
sorption is capable of resolving information on pores smaller
than 0.5 nm, inaccessible even to CO, at 273 K.”"”> Typically,
the H,O isotherms of HC-X-600-1500 (Fig. 1c) exhibit an
S-shaped curve and hysteresis loop and are classified as Type V
according to the IUPAC regulations, pointing to microporous
carbon.”® The adsorption branches for all carbons exhibit a

c)

-e- HC-2-600-1500
-e-HC-10-600-1500 o~
—e— HC-200-600-1500 /a5

150
120

w o ©
o O o

04 06 08 10
p/p,

o
o
o
N

a) o b) &
5 20 ' . . . ~ 60 -
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‘Tm -e-HC-10-600-1500 < 504-e-HC-10-600-1500
= 154 -e- HC-200-600-1500 > -e— HC-200-600-1500
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B 10{ SSAqeper =12m?g"! 5 307
o 7 [}
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Volume adsorbed /cm?® g™ (STP)

Fig. 1 Sorption isotherms of the investigated glucose-derived hard carbons after final carbonization: (a) N, physisorption isotherms at 77 K; (b) CO,
physisorption isotherms at 273 K; (c) H,O vapour physisorption isotherms at 298 K.
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very low vapor uptake at low relative pressure, which is charac-
teristic of a hydrophobic surface.”® The strength of the inter-
action between H,O and the carbon surface and thus the
hydrophilicity/hydrophobicity, is strongly dependent on the
oxygen content.”? Therefore, the observed hydrophobicity is
consistent with the low oxygen content (<2%) revealed by
elemental analysis (Table S5t). H,O vapor uptakes are signifi-
cantly greater than N, uptakes despite similar relative pressure
ranges of the measurements and follow a trend similar to that
of the CO, uptakes (Fig. 1b). Furthermore, the adsorption iso-
therms nearly reach saturation and the desorption isotherms
show nearly fully reversible behaviour with complete vapor
removal. This shows that water vapor is a highly suitable
adsorptive to detect porosity that appears closed for N, at
77 K, in general, and the differences arising in this closed
porosity for different pre-carbonisation heating rates. It
becomes evident that the slow heating rate during the pre-car-
bonization correlates with the enhancement of closed ultrami-
croporosity present in the HC after high-temperature carboniz-
ation. These findings corroborate the data provided by SAXS
(Table 1).

Alterations in the mesostructure become discernible after
600 °C, when pre-carbonization is complete. Changes can be
detectable with adsorbates with a larger kinetic diameter, such
as Ar. As shown by the Ar physisorption data at 87 K
(Fig. S11at), a slow rate during restructuring and condensation
of carbon motifs contributes to an increase in porosity and
promotes the formation of micropores smaller than 2 nm
(Fig. S11bt). This observation, in combination with SAXS data
(Fig. S9t), suggests that in HC-2-600, the precursor might be
trapped in the structure and act as a template during sub-
sequent heating, thereby contributing to the enhancement of
porosity. Nevertheless, the distinctions in very small pores
detected by CO, (<0.7 nm) and H,O (<0.5 nm) are not substan-
tially pronounced (Fig. S127).

As a whole, it is demonstrated by the structural characteriz-
ation of the investigated materials that the heating rate in the
critical low-temperature region does not have a significant
effect on the atomic construction of the carbon frameworks
(“microstructure”). However, a considerable impact on the
mesoscale structure such as porosity is observed both after
preliminary carbonization and following subsequent high-
temperature treatment. As will be shown in the following,
these differences are responsible for changes in the electro-
chemical behaviour.

Electrochemical characterization

In order to investigate the structural influence on sodium
storage performance, galvanostatic charge-discharge (GCD)
experiments at a low current density of 18.6 mA g~ were con-
ducted in the voltage window of 2.5-0.002 V. Furthermore,
capacity limited experiments were carried out due to the dem-
onstration of additional reversible capacity until the onset of
sodium nucleation determined by crystallization overpotential
at values below 0 V vs. Na/Na".>® In the first cycle (Fig. 2a), all
hard carbons exhibit coulombic efficiency (CE) values not

18684 | Nanoscale, 2025, 17, 18678-18689
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lower than 82 + 5.11% (Fig. 2b). These values are comparable
to those of HCs prepared at a slow overall pyrolysis heating
rate.*>** The insignificantly lower CE of HC-2-600-1500
(Fig. 2b) may be attributed to additional small ultramicro-
pores, leading to the introduction of more accessible sites for
electrolyte decomposition.'®%® This observation aligns with
the porosities unveiled by CO, and H,O sorption measure-
ments (Fig. 1b and c).

Analysis of the 2" sodiation cycle allows monitoring
changes that may occur after initial cycling. The CE values in
the 2™ cycle show a similar trend to those in the 1 cycle
(insets, Fig. 2c¢ and b). It may suggest continued stabilization
of the SEI or further side reactions, according to the refer-
ence.”® A notable variance in sodiation capacity is evident
among the samples. As can be observed, the specific sodiation
capacity increases with decreasing pre-carbonization heating
rate (Fig. 2c). Upon examination of both the sodiation
capacities in the slope (above 0.1 V) and plateau (below 0.1 V)
regions, it is evident that, despite only a minor difference in
slope capacities, considerable variation persists in the plateau
stage (Fig. 2d). It has been demonstrated by L. Kalder et al.®
that the average interlayer spacing a;, obtained from WAXS,
has a more significant impact on the sodiation slope region;
meanwhile, the L,/lz ratio is decisive for both slope and
plateau sodiation capacities. Hence, a combination of these
parameters could be applied to estimate the electrochemical
performance of hard carbons. In this study, these correlations
were employed to gain insight into the impact of the pre-car-
bonization rate on sodium storage. Generally, within the slope
region there are no pronounced differences in capacity. This
observation is consistent with the observation in microstruc-
tural characteristics, in particular, with the interlayer distance
a3 (Table 1). The most graphitized HC-2-600-1500 stands out
in slope capacity (Fig. 2e). The curvature of the graphene layer,
represented by I, sheds light on the performance differences
among hard carbons. Despite unremarkable alterations in the
slope region, the plateau capacity decreases as lr increases
(Fig. 2f). It can lead to the assumption that, for HC-X-
600-1500, excessive curvature of graphene sheets, stemming
from rapid heating in the crucial low-temperature region, is
not beneficial for sodium storage. Since L, is found to be com-
parable for all HC-X-600-1500 (Table 1), it fails to elucidate
the discrepancy observed in the sodiation sub-regions. The
current study further corroborates that optimal sodium storage
performance is achieved with a graphene layer length of
approximately 6.3 + 1.3 nm and a curvature of 0.9 + 0.2 nm,
consistent with the findings reported by L. Kalder.®> However,
it is important to emphasize that, although HC-10-600-1500
and HC-200-600-1500 exhibit comparable values for para-
meters L, and I, the present results clearly demonstrate that a
reduction in the thickness of the pore wall, /4, also plays a
critical role in enhancing storage efficiency, i.e., promotes the
development of pores whose sizes are on the same order as the
pore wall thickness. It is worth noting that several studies have
reported that the presence of defective sites can enhance Na*
adsorption and improve the sodiation process.””””® Therefore,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Galvanostatic charge—discharge curves of glucose-derived hard carbons in Na-ion half cells recorded at a C/20 current density. (a) First
cycle; (b) initial coulombic efficiency; (c) second cycle; (d) a bar graph representing slopes as well as plateau capacities in the second cycle. (e)
Correlation between the average interlayer spacing az and slope capacity in the second cycle; (f) correlation between the lateral correlation length,

[z, and slope and plateau capacities in the second cycle.

an increase in defectiveness, By, (Table 1) appears to be advan-
tageous for this process. Moreover, the highest inner surface
area, S/m, observed for HC-2-600-1500 (Table 1) may contrib-
ute to enhancing the plateau capacity, provided that the
plateau region corresponds to the clustering of sodium inside
the internal pores.'>’® Additionally, it has been reported that
an increase in plateau capacity is associated with the less
asymmetric shape of pores.® In this study, a hard carbon pre-
pared at the lowest pre-carbonization heating rate exhibits the
highest plateau capacity value, despite having the most asym-
metric pores. The average pore size, [pore, Of this material is
comparable to that of HC-10-600-1500 and HC-200-1500.
Therefore, it is noteworthy that the interplay between as, Iy,
Bq, S/m, and [./l,, observed in this study, contributes to the
sodium ion storage, highlighting the primary alterations in the

This journal is © The Royal Society of Chemistry 2025

plateau region. Furthermore, the closed pore volume, Vijosea
pores, €stimated from the plateau capacity as described by Xiao
et al.”® (eqn (S161)), exhibits an increasing trend with decreas-
ing pre-carbonization heating rate (Table S67).

A deeper understanding of the material’s behaviour over
the cycles is crucial for optimizing its performance in practical
applications. Therefore, in order to assess whether changes in
behaviour would occur during further cycling, the materials
were additionally examined in the 5% cycle. By the 5% cycle,
the SEI is typically stabilized and irreversible processes are
minimized, resulting in improved CE with no significant
differences among the samples. In this cycle, CE values for all
materials are above 97 + 1.00% (inset, Fig. 3a).”®
the 2™ cycle, carbon prepared at a slow pre-carbonization
heating rate (HC-2-600-1500) represented the highest specific

Similar to
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Fig. 3 Galvanostatic charge—discharge curves of glucose-derived hard carbons in Na-ion half cells recorded at a C/20 current density. (a) 5™ cycle;
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limited cycle (8%"); (f) capacity of sodium electroplating.

sodiation capacity values (Fig. 3a). Furthermore, the primary
changes are observed in the plateau region (Fig. 3b-d).

In the capacity-limited cycle, the capacity values of the bulk
sodium electroplating process change according to the trend
in different pre-carbonizations (Fig. 3e and f). Namely, the
highest capacity value corresponds to the slowest ramping
until 600 °C. This confirms that this material can store the
highest amount of sodium in the low plateau region, which is
beneficial for achieving a higher energy density of the battery’s
negative electrode material.

To visualize the interplay of complex structural parameters,
the simplified 2D structures of hard carbons, prepared at
different heating rates during the low temperature processing,
are presented in Fig. 4. As can be seen, the slowest ramp
results in an insignificantly larger interlayer distance, a;, and

18686 | Nanoscale, 2025, 17,18678-18689

average stacking size, L.. In spite of the fact that the average
pore size, Ipore, remains similar for both hard carbons,
HC-2-600-1500 possesses more elongated pores (the highest
value of [./I;) and a narrower curvature of the graphene layer,
lg. The increase in the ramping rate leads to an enhancement
in the internal structural order of HC-X-600-1500, as evi-
denced by the corresponding decreases in the values of para-
meter By and parameter (A’as/a;®> + A’lg/lg”). This combi-
nation seems to be favorable for sodium storage. However, the
structures in Fig. 4 are two-dimensional and simplified, and
they do not consider variations in pore wall thicknesses, Iojid,
and the volume of closed pores, Vciosed pores; Which are also sig-
nificant (Table 1 and Table S6t). Additionally, they do not rep-
resent the types of defects, the degree of sodiation, and the
detailed localization of sodium ions.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Simplified 2D structures of hard carbons after pre-carbonization at different heating rates.

Conclusions

This study demonstrated the ability to control the structure of
glucose-derived hard carbons by altering the heating rate of
the initial temperature ramp rate during carbonization.
Structural characterization of the investigated materials reveals
that the heating rate during the critical low-temperature phase
has minimal impact on the microstructure. Conversely, it sig-
nificantly influences the mesostructure, which refers to the
overall porosity. Hence, the material obtained at a slower
heating rate during the pre-carbonization stage results in a
larger contribution of open and closed porosity, variations in
pore shape, and higher defectiveness after high-temperature
treatment. These structural changes result in an enhancement
in specific sodiation capacity in the second and fifth cycles, as
well as the highest capacity of sodium electroplating below 0 V
vs. Na/Na'. This work proves that it is essential to maintain a
slow heating rate during the pre-carbonization stage in order
to obtain the most favorable hard carbon structure for storage
applications. The appropriate control of HC’s structure will
lead to further enhancement of the negative electrode perform-
ance and the development of high-energy and cost-effective
sodium-ion battery systems in the near future.
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