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Abstract

Graphitized carbon is highly attractive for its excellent electrical and thermal
conductivity, structural stability, and mechanical reliability, making it crucial for
applications such as aerospace thermal protection and thermal management systems.

Currently, producing highly graphitized carbon predominantly relies on petrochemical
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precursors and requires energy-intensive ultra-high-temperature processing. As a
sustainable alternative, sugar-derived carbon is highly desirable; however, its
application is severely limited by its hard-to-graphitize nature and low carbon yield. To
address this challenge, we propose a low-temperature catalytic graphitization strategy
by introducing a ferric nitrate catalyst into a glucose hydrogel precursor via a sol-gel
route. This method enables the molecular-level uniform dispersion of Fe species and the
in situ formation of highly dispersed catalytic centers during pyrolysis. Remarkably, this
approach significantly lowers the energy barrier for structural transformation, allowing
the sugar-derived carbon treated at merely 1,400 °C to achieve a graphitization degree
comparable to that of the uncatalyzed sample treated at 2,400 °C. More importantly, the
catalytic process not only improves structural ordering but also induces a highly curved,
crosslinked, and interlocked graphitic topology, which effectively suppresses
basal-plane sliding. Consequently, the material achieves both high graphitization and
superior micromechanical properties, exhibiting 1.5 times higher hardness and 2 times
higher micro/nano-compressive strength compared to the uncatalyzed material at a
similar graphitization level. This work provides an efficient and sustainable strategy for
the low-cost and energy-saving fabrication of high-performance biomass-derived

graphitic carbon.

Keywords: Sugar-derived carbon, catalytic graphitization, topological graphitic

network, micromechanical properties

INTRODUCTION

Graphitized carbon is highly attractive for advanced carbon materials because of its high
electrical and thermal conductivity, structural stability, and mechanical reliability. These
features are particularly important for applications that require efficient transport
capability together with structural robustness, such as aerospace thermal protection,
thermal management, and high-performance graphitic carbon blocks!!*l. Consequently,

the efficient and scalable fabrication of highly graphitized carbon has become an
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important topic in carbon materials research.

At present, highly graphitized carbons are still produced mainly from petrochemical
precursors (e.g. petroleum coke and pitch), through carbonization followed by
ultrahigh-temperature graphitization (typically above 2,800 °C)B-7). Such severe
processing conditions lead to high energy consumption, high production cost, and
potential damage to the structural integrity of carbon framework. To develop sustainable
and low-cost alternatives, sugar-derived carbon has emerged as a highly attractive
candidate due to its abundant, renewable nature and compatibility with hydrogel
chemistry for morphology regulation. However, the development of sugar-derived
graphitic carbon has historically been hindered by two critical bottlenecks: inherently
low carbon yield and extreme difficulty in graphitization®l. While recent advances in
hydrogel-network engineering and precursor regulation have successfully addressed the
low-carbon-yield problem, the fundamental issue of poor graphitizability remains
unresolved!!?. After pyrolysis, sugar precursors typically form a highly crosslinked,
intrinsically disordered carbon framework with abundant defects®>#*!. The restricted
atomic mobility within this rigid matrix makes the rearrangement into extended
graphitic stacking extremely difficult, even at elevated temperatures. Thus, finding a
targeted solution to break the graphitization barrier of sugar-derived carbon is highly

desired.

Catalytic graphitization provides a promising strategy to overcome this structural
limitation. By introducing ransition metal catalysts (such as Fe, Ni, or Co) into
disordered carbon precursors, the activation barrier for carbon reconstruction can be
significantly reduced!!!"!6. Among them, Fe-based catalysts are particularly attractive
because of their low cost, high catalytic activity, and strong interaction with carbon.
Through dissolution-precipitation and diffusion-assisted mechanisms, Fe/Fe-C
intermediates can promote the transformation of amorphous carbon into ordered

graphitic structures at temperatures much lower than conventional thermal
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graphitization. However, applying traditional catalytic graphitization to highly
crosslinked sugar carbon matrices still faces significant challenges. Conventional
approaches relying on direct mixing or impregnation often lead to severe catalyst
aggregation and non-uniform catalytic sites!!”!®], Furthermore, while most previous
studies focus primarily on improving the overall degree of graphitization, how catalytic
species regulate the spatial organization, curvature, and topological connectivity of
graphitic domains at the micro/nanoscale—which ultimately dictates the macroscopic

mechanical properties—has received much less attention.

To address these challenges, we report a ferric-nitrate-enabled in situ catalytic
graphitization strategy specifically designed to overcome the graphitization bottleneck
of sugar hydrogel-derived carbon. Ferric nitrate was selected as a water-soluble Fe
precursor and homogeneously incorporated into the glucose hydrogel network through a
sol-gel route. This design ensures the in situ formation of highly dispersed
Fe-containing catalytic centers during pyrolysis, effectively suppressing catalyst
aggregation and maximizing the atomic-level contact between Fe species and the rigid
disordered carbon framework. As a result, the intrinsically difficult-to-graphitize
sugar-derived carbon achieves substantial graphitic reconstruction at significantly
reduced temperatures (1,400 °C). More importantly, this catalytic process does not
merely increase the crystallinity, but induces a curved, crosslinked, and structurally
constrained graphitic microstructure. By combining thermal evolution analysis,
structural characterization, nanoindentation, and in situ micropillar compression, this
work reveals how Fe-catalyzed structural reconstruction governs the micromechanical
response of sugar-derived graphitic carbon. This strategy not only bridges the
graphitization gap for sugar-derived systems but also provides a targeted pathway for
the low-temperature fabrication of sustainable, high-performance graphitic carbon

blocks for advanced engineering applications.

EXPERIMENTAL SECTION
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Materials

Anhydrous ethanol, analytically pure. Tianli Chemical Reagents Ltd. Tianjin (China).
Ultrapure water, Aladdin Scientific Corp. Shanghai (China).Ferric nitrate nonahydrate
(Fe(NO3)3-9H20, 99.9%) and a-Ketoglutaric acid (CsHs05,99%) were purchased from
Aladdin Reagent (Shanghai) Co. Acrylamide (C3HsNO, AR), purchased from Tianjin
Comio Chemical Reagent Co, LTD. Glucose monohydrate (CsHi206-H20, 99%)
N,N’-Methylene-bis-acrylamide (C7H10N202,99%) and was purchased from Beijing
J&K Scientific Co, LTD. All materials used in this work were of commercial grade and

applied without further purification.

Preparation of carbonaceous materials with enhanced graphitization properties

First, 77 g of glucose hydrate was mixed with 23 g of deionized water. Then,
N,N’-methylene bis-acrylamide (1 wt% relative to glucose) and acrylamide (20 wt%
relative to glucose) were successively added to form a uniform precursor solution. Next,
anhydrous ferric nitrate was introduced as a graphitization catalyst, and the mixture was
further dispersed through stirring and ultrasonic treatment. After adding a-ketoglutaric
acid (0.7 wt% relative to glucose) as a photoinitiator, the precursor solution was poured
into a mold and photopolymerized under ultraviolet irradiation to obtain the sugar

hydrogel.

The obtained hydrogel was then subjected to a gradual low-temperature
stabilization/pre-graphitization treatment in air to ensure complete dehydration and
structural solidification, followed by carbonization and catalytic graphitization in a tube
furnace under an argon atmosphere. By varying the content of ferric nitrate in the
precursor, a series of X-Fe/GC samples were obtained, where X = 0.05, 0.1, 0.5 and 1.0
wt% representing the iron content in the final carbonaceous material. Furthermore, in
order to conduct a control experiment, sugar water gel carbon (SC) without catalyst was

prepared during the experiment.
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Characterization

X-ray diffraction (XRD) was carried out on a Rigaku Smartlab 3 kW diffractometer
(Japan) to identify the phase composition, crystal structure, and interplanar spacing of
the samples. Scanning electron microscopy (SEM) images were acquired using an FEI
Helios Nanolab 6001 microscope (USA) operated at an accelerating voltage of 20 kV.
Fourier transform infrared (FTIR) spectra were recorded on a PerkinElmer 2,000
spectrometer (USA). Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) observations were performed on an FEI Tecnai G2-F30 TEM at an
accelerating voltage of 200 kV. Raman spectra were measured on a Renishaw
spectrometer with a 532 nm laser excitation source. The micromechanical properties of
the samples were tested via a nanoindentation system (Anton Paar NHT2, Austria).
In-situ SEM compression and tensile tests were conducted on an FEI Helios Nanolab
6001 microscope integrated with a Hysitron PI-88 mechanical testing stage, allowing
direct observation of crack propagation during deformation. Quantitative analysis of Fe
element in the samples was performed using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Thermo Fisher iCAP PRO, USA). The thermal
evolution behavior was characterized by thermogravimetric analysis (TGA) on a
Netzsch STA449F3 instrument coupled with a Netzsch QMS 403Q mass spectrometer
(Germany) under an argon atmosphere at a heating rate of 5 °C min’!. The surface
chemical composition and chemical states were analyzed by X-ray photoelectron

spectroscopy (XPS) on a Thermo Scientific K-Alpha spectrometer (USA).

RESULTS AND DISCUSSION

Synthesis and thermal conversion of X-Fe/GC

The formation of X-Fe/GC is based on the water gel precursor developed by our team
using the thermal decomposition carbon of the sugar water gel as the foundation!!->!%-21],
Compared with the residual carbon content of 33.32% in glucose powder, the final
carbon yield of the sugar water gel after thermal decomposition can reach 83.03%. This

improvement is mainly attributed to the synergistic effect between the
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high-concentration glucose solution and the AM network. In this process, the
three-dimensional AM network confines glucose molecules during the gelation process
and stabilizes the precursor structure through hydrogen bond interactions. During the
pre-carbonization process, glucose undergoes dehydration and caramelization reactions,
forming furfural derivatives and further polymerized caramel substances, rather than
directly escaping as volatile carbon gases. At the same time, the local high-pressure
environment generated by the contraction of the AM network can inhibit gas generation
and uncontrollable foaming, thereby reducing carbon loss and forming a more compact

carbon structure!!?],

Subsequently, it wundergoes carbonization and catalytic
graphitization processes. As illustrated in Figure 1A, acrylamide and bis-acrylamide are
introduced into a highly concentrated glucose solution to construct the precursor
network, followed by the addition of ferric nitrate to obtain the Fe-containing precursor.
Ferric nitrate was selected because it can be introduced into the hydrogel system in a
uniform solution state without introducing additional impurity elements into the
precursor framework based on C/H/O/N. This precursor design is crucial, as it

effectively inhibits catalyst aggregation and provides uniformly distributed catalytic

sites during the subsequent heat treatment.

The dispersion state of Fe in the precursor-derived carbon was examined by SEM and
EDS mapping. As shown in Figure 1B-D, Fe is uniformly distributed throughout the
carbon matrix without obvious agglomeration. This result confirms that the
solution-based incorporation route enables effective dispersion of Fe species at the
molecular level, maximizing the contact between the catalytically active species and the
disordered carbon framework during thermal conversion. Such homogeneous dispersion
is particularly important for difficult-to-graphitize sugar-derived carbon, since localized

catalyst clustering would limit the spatial uniformity of graphitic reconstruction.
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Figure 1. The low-temperature pyrolysis carbonization process for preparing graphite
from sugar-water gel and the component characterization. A: Schematic diagram of the
process flow for preparing X-Fe/GC materials by combining sol-gel method,
pre-carbonization, carbonization and graphitization treatments; B-D: SEM images of the
0.5-Fe/GC samples and corresponding elemental EDS cross-sectional scans of C and Fe
elements; E-G: XPS analysis of 0.5-Fe/GC after pre-carbonization; E: Fe 2p orbitals

spectrum; F: O Ls orbital spectrum; G:C 1s orbital spectrum.

To further clarify the chemical evolution of Fe during precursor conversion, XPS
analysis was performed on the pre-carbonized Fe-containing sample. The Fe 2p
spectrum [Figure 1E] reveals multiple Fe-related species, with characteristic
contributions corresponding to Fe.Os, FesC, and metallic Fe. Additionally, the O 1s
spectrum [Figure 1F] confirms the presence of iron oxide species, while the C 1s
spectrum [Figure 1G] exhibits a characteristic Fe;C-related peak. These results indicate
that ferric nitrate does not remain in its initial state during thermal treatment, but instead

undergoes decomposition, reduction, and carbide-related transformations. Therefore,
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prior to the final graphitization stage, Fe has already evolved into chemically active

intermediates that directly participate in carbon reconstruction.

Figure 2 summarizes the thermal conversion behavior and bonding-state evolution of
SC and Fe/GC during heat treatment. As shown in Figure 2A, both samples undergo
substantial mass loss in the low-temperature region due to dehydration and initial
carbonization. Notably, the Fe-containing sample exhibits a lower mass loss than SC at
low temperature, but a more pronounced mass-loss feature in the high-temperature
region, eventually resulting in a larger total mass loss after full heat treatment. The
suppressed low-temperature mass loss of 0.5-Fe/GC suggests that Fe participates in the
retention of carbon- and oxygen-containing species, likely through the formation of
Fe-O and Fe-C related intermediates. In this sense, Fe may exert a carbon/oxygen
fixation effect in the early stage, delaying the release of part of the volatile species and

shifting part of the conversion process to higher temperatures.

The TG-MS results further clarify the nature of this high-temperature evolution. As
shown in Figure 2B, characteristic signals at m/z = 12, 44, 48, and 64 become evident
above ~1,000 °C. Among them, the strong enhancement of the m/z = 48 signal indicates
the formation of carbon-cluster-related fragments during high-temperature treatment!?21,
To verify this assignment, isotope analysis was performed using the corresponding m/z
= 49 signal. As shown in Figure 2D and Figure 2E, the m/z = 49 signal remains much
weaker than m/z = 48, and the relative intensity of m/z = 49 with respect to m/z = 48 is
on the order of a few percent, which is consistent with the expected isotopic abundance
of a C4-containing fragment!?3l. This provides additional support for assigning m/z = 48
to carbon-cluster species rather than Fe-related volatile products. Meanwhile, no
sustained enhancement of Fe-related volatilization signals is observed, indicating that
the high-temperature process is dominated by dynamic bond breaking and
reconstruction of the carbon framework rather than extensive evaporation of Fe

speciest?¥,

The temperature-dependent ICP result shown in Figure 2C reveals that the Fe content
first increases and then decreases with increasing temperature. The initial increase is

mainly associated with the progressive removal of volatile organic components,
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whereas the subsequent decrease suggests that Fe species undergo continuous evolution
during heat treatment, including migration, encapsulation, or partial loss. Combined
with the lower low-temperature mass loss of the Fe-containing sample, these results
suggest that Fe does not remain inert in the carbon matrix, but actively participates in
the redistribution and retention of carbon- and oxygen-containing species during the

early stage and in their subsequent high-temperature reconstruction!'>2],

The evolution of carbon bonding states was further examined by C 1s XPS analysis. As
shown in the spectra for 0.5-Fe/GC [Figure 2F] and SC [Figure 2G], both samples
evolve toward more ordered carbon structures with increasing temperature; however,
the Fe-catalyzed sample exhibits a much more pronounced increase in the C = C
component and a clearer n-n* feature. This trend is quantitatively reflected in Figure 2H,
where the sp?/sp® ratio of 0.5-Fe/GC increases much more rapidly than that of SC,
especially above 1,200 °C. These results indicate that Fe catalysis markedly accelerates
the transformation of disordered sugar-derived carbon into sp’-rich conjugated

carbonl!2-26],

Taken together, the results in Figure 2 show that Fe-catalyzed graphitization is not
merely a temperature-lowering effect. Instead, Fe redistributes the conversion pathway
of sugar-derived carbon by suppressing part of the low-temperature volatilization
through carbon/oxygen fixation and promoting more intensive reconstruction at higher
temperatures. This behavior provides indirect support for the subsequent carbide-related
transformation pathway, because the early retention of carbon- and oxygen-containing
species in Fe-related intermediates is expected to facilitate later Fe-C interaction,

carbide evolution, and graphitic reorganization.
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Figure 2. Thermal conversion and carbon bonding evolution of SC and Fe/GC. A:
TG/DTG  curves; B: TG-MS  profiles of representative  fragments.
C:Temperature-dependent Fe content from ICP.D-E: m/z = 48 and the corresponding
isotope-related m/z = 49 signal; F,H: Temperature-dependent C ls XPS spectra of
0.5-Fe/GC and SC. G: sp?/sp’ ratio as a function of temperature.

In order to further reveal the regulatory effect of ferric nitrate content on the
microstructure of sugar hydrogel-derived carbon, Raman and XRD characterizations
were conducted. Figure 3A shows the Raman spectra of samples with varying iron
contents. All samples exhibit characteristic D and G bands near 1,350 cm™ and 1,580
cm’!, respectively. The pristine SC sample displays broad and highly overlapping D and
G bands, with an almost indistinguishable 2D band (around 2,700 cm™'), demonstrating
the typical features of highly disordered hard carbon. With increasing Fe content, the G
band becomes significantly sharper, and the intensity of the 2D band progressively
emerges and intensifies, confirming that the presence of Fe induced the transformation
of the carbon framework from a disordered state to an ordered graphitic lattice. As

shown in Figure 3B, as the Fe concentration increases from 0 to 1 wt.%, the Ip/Ig value
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decreased significantly from 1.42 to 0.23. According to the Tuinstra-Koenig
relationship!?’-28], Ip/Ig is inversely proportional to the lateral size L. of the graphitic
crystallites. The calculated La increases dramatically from an initial 4.3 nm to
approximately 19.8 nm, providing solid evidence that Fe catalysis significantly

promotes the lateral growth of graphitic domains.
L=CD)/(Ip/1s) (1)

The XRD spectra in Figure 3C further confirm this structural evolution. For the
un-catalyzed sample treated at 1,400 °C (1,400-SC), the (002) diffraction peak is wide
and weak, indicating poor stacking order and low crystallinity. The (002) peak of the
sample (2,400-SC) with a higher heat treatment temperature (2,400 °C) is significantly
sharper, from which it can be seen that increasing the heat treatment temperature can
promote the rearrangement of carbon atoms and increase the crystallinity of graphite. In
contrast, introducing iron at 1,400°C significantly accelerates this ordering process. As
the iron content increases, the (002) peak gradually shifts to a higher angle, and its full
width at half maximum (FWHM) significantly decreases, indicating a reduction in
interlayer spacing and an increase in stacking coherence. It is notable that the XRD
spectrum of 1,400-0.5-Fe/GC is highly similar to that of 2,400-SC, suggesting that the
iron catalytic effect enables the sugar-derived carbon to achieve graphite-like state at
1,400°C, otherwise, it requires an extremely high temperature treatment to achieve this.
As shown in Figure 3D, the interlayer spacing do2) of 1,400-SC is 0.361 nanometers,
reflecting the typical vortex structure of the carbon derived from sugar that is difficult to
graphiteize. After adding iron, doo2) significantly decreases and reaches approximately
0.340 nanometers in 0.5-Fe/GC, close to the value of graphite carbon?*3,
Correspondingly, the graphiteification degree calculated from SC is nearly 0%,
increasing to approximately 45%-50% in 0.5-Fe/GC. Further increasing the iron content
to 1.0% wt% only leads to a slight improvement in do2) and graphiteification degree,

indicating that once a sufficiently continuous iron catalytic network is established, the
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catalytic effect will tend to saturate. Therefore, choosing 0.5% wt% of iron as the
representative optimized component is because it achieves significant graphiteification
while avoiding unnecessary catalyst overloading, possible iron aggregation, and limited
additional structural benefits. These results indicate that iron does not merely act as an
additive but effectively lowers the activation energy for carbon rearrangement and

promotes graphite formation at lower temperatures.

_ 03440_d(002)
£70.3440-0.3354

x100% (2)

This structural ordering is also visually corroborated by the HRTEM image of
0.5-Fe/GC [Figure 3F]. The sample exhibits highly ordered lattice fringes with an
interplanar spacing of approximately 0.340 nm, closely matching the XRD results and
approaching the value of ideal graphite (0.335 nm).Furthermore, the chemical state of
carbon was investigated by XPS. As shown in Figure 3E, the C 1s spectrum is
deconvoluted into multiple components. Compared with SC, the Fe/GC sample exhibits
a markedly enhanced sp? hybridized carbon peak (C = C, ~284.5 eV) and a highly
distinct n-mt satellite peak (~291 eV), both of which are decisive indicators of an

extended conjugated graphitic structure.

Concurrently, the relative intensity of oxygen-containing functional groups (C-O and C
= 0) is significantly reduced, indicating thorough deoxygenation during
high-temperature reconstruction!?63!32, The substantial increase in the sp?/(sp*+sp’)
ratio further confirms the catalytic effect of Fe on sp’ lattice formation, perfectly

aligning with the Raman and XRD analyses.

It is worth noting that when the iron concentration reaches 0.5 wt.%, the improvement
of graphiteification indicators (Ip/Ig and d(02)) tends to level off. This suggests that 0.5
wt.% Fe is the optimal threshold required to form a pervasive catalytic percolation

network throughout the hydrogel-derived matrix. Below this threshold, the catalytic
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sites are insufficient to drive widespread reconstruction; above this threshold, the
marginal contribution to lattice perfection diminishes, and excessive metal content
could potentially induce severe agglomeration, generating larger inactive carbide
clusters or leaving detrimental metallic impurities in the final carbon block. Therefore,
0.5 wt% was selected as the optimal catalyst concentration for subsequent
micromechanical evaluations, as it balances superior graphitic crystallinity with the

preservation of structural integrity.
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Figure 3. The influence of iron content on the degree of graphitization and the
evolution of microstructure. A: Comparison of Raman spectra of samples with different
iron contents; B: The variation trend of the ratio Ip/Ic and the transverse size L. of
graphite microcrystals with iron concentration; C: XRD patterns of samples with
different iron contents; D: The functional relationship between the interlayer spacing
doo2)y and the calculated graphiteification degree (g) with respect to the iron
concentration; E: High-resolution XPS spectra of C 1s for SC and Fe/GC samples; F:
TEM image of 0.5-Fe/GC.

Structural evolution and catalytic graphitization mechanism

In the presence of Fe, the graphitization mechanism of carbon derived from the
pyrolysis of sugar hydrogels is schematically illustrated in Figure 4. Based on the

results of TEM observations and the elemental mapping [Figures 4A-E], a typical
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catalytic graphitization process following the dissolution - diffusion - precipitation

mechanism can be proposed!*].

During the initial pyrolysis stage, the sugar hydrogel undergoes dehydration and
carbonization processes, thereby forming an amorphous carbon matrix. Meanwhile, the
Fe precursor decomposes at high temperatures into iron oxides, which are subsequently
reduced to metallic iron nanoparticles. From the elemental mapping [Figures 4C and
4D], it can be seen that carbon is uniformly distributed throughout the matrix, while Fe
is concentrated and aggregated, indicating the formation of independent Fe

nanoparticles dispersed within the carbon framework.

At high temperatures, these iron nanoparticles act as active catalytic centers for
graphitization. The carbon atoms from the surrounding amorphous carbon around are
thermally activated and gradually dissolve into the Fe nanoparticles due to the strong
interaction between Fe and C. As the carbon concentration within the Fe particles
increases, the system reaches an oversaturation state. Consequently, carbon atoms
precipitate from the Fe surface and recombine to form thermodynamically favored

graphite structures bonded by sp? bonds.

HRTEM image [Figure 4E] clearly shows distinct lattice fringes corresponding to the
graphite layers, confirming the formation of ordered graphite domains. It is notable that
these graphite layers are mainly observed near the iron nanoparticles, indicating that the

graphitization process is highly localized and catalyst-driven.

As this process continues, the graphite layers grow along the surface of the Fe
nanoparticles, forming a core-shell type Fe-graphite structure and partially graphitized
carbon regions [Figure 4F]. This interface growth phenomenon further confirms the

dissolution-precipitation mechanism!'4],
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Concurrently, some Fe species drive catalytic graphitization according to the carbide
formation-decomposition mechanism [Figure 4G]. The so-called carbide-mediated
mechanism refers to the reaction of catalytic components with the carbon matrix at high
temperatures to form corresponding carbides®**], When the temperature is further
increased above the decomposition temperature of the carbides, they undergo
decomposition reactions to generate elemental catalyst components and carbon; the
newly formed carbon precipitated during this decomposition possesses a highly ordered
graphitic structure. The elemental catalyst regenerated by the decomposition diffuses
along the surface of the carbide particles toward the disordered carbon side, continuing
to react with the disordered carbon to form new carbides and consume the amorphous
matrix. As the carbide particles migrate, this process repeats itself, thereby continuously
converting the disordered carbon into graphitic crystallites and substantially increasing

the overall degree of graphitization of the material.

£ Graphite ‘: S Aorohios catsan 44 Graphite Amorphous carbon

F G

Figure 4. Model of the iron-induced graphitization mechanism. A-E: Analysis of the
morphology and composition of the catalytic core. A-B: TEM/STEM images of the

core-shell structure C-D: Distribution map of C and Fe elements in a single particle; E:
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High-resolution lattice fringes at the iron/graphite interface; F: Schematic diagram of
the dissolution-diffusion-precipitation mechanism; G: Schematic diagram of the

decomposition and migration mechanism of carbides.

Structure-dependent micromechanical properties

The Fe-catalyzed induction strategy not only increases the graphitic ordering of sugar
hydrogel-derived carbon, but also fundamentally changes the morphology and
arrangement of the graphitic domains. As revealed by the TEM observations [Figure
5A-C], the original disordered carbon matrix is reconstructed into a highly curved,
wrinkled, and topologically interlocked graphitic network rather than a conventional
parallel lamellar graphite-like structure. Such a catalyst-induced architecture is
mechanically important because the local arrangement of graphitic domains directly
governs how the material accommodates concentrated stress. In particular, the curved
and spatially constrained graphitic units can physically restrict facile interlayer sliding
and provide a more effective three-dimensional load-transfer framework. Therefore, in
the present work, the key issue is not simply whether graphitization is enhanced, but
how the reconstructed graphitic architecture influences the local mechanical responsel*%l.
This microscopic structural feature directly explains the mechanical performance
retention observed in the nanoindentation experiments [Figure 5D and E]: the material
maintains an intrinsic hardness of approximately 3.5 GPa and an excellent elastic
modulus despite a significant increase in sp? hybridization content. This robustnesss is
attributed to the reduction in the density of internal statistical defects (such as
micropores and microcracks) at the micro/nanoscale. Moreover, the continuous sp’
network formed by the catalyzed graphitization can more effectively hinder the
initiation of dislocations or cracks within a small volume. Further in situ micropillar
compression analysis [Figure S5F and G] deeply elucidates the decisive influence of this
topological network on the material’s service behavior. It is worth mentioning that
Fe-containing particles were intentionally avoided during site selection, such that the
measured behavior mainly represents the intrinsic mechanical contribution of the
reconstructed carbon framework. The test results show that this microscopic
configuration, composed of flexible curved graphene rings, acts as a mechanical
“nano-spring”: when an external load is applied, these curved layers can efficiently
absorb a large amount of strain energy through local coordinated folding, reversible
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rotation, and stress redistribution, thereby avoiding catastrophic instability and
accumulation of stress at microcrack tipst*738l. This energy dissipation mechanism
endows the material with the extraordinary large-deformability, allowing it to maintain
structural integrity under an extreme engineering strain of over 30%. And at the same
level of graphitization, its hardness is 1.5 times higher than that of the un-catalyzed
material, and its micro/nano-level compressive strength is 2 times higher!!l. Additionally,
driven by the significant size effect, when the micropillar diameter is reduced to 0.5 pm,
its compressive strength jumps to approximately 7.5 GPa due to the decreased
probability of incorporating critical internal defects. In conclusion, the catalyzed
graphitization path proposed in this study achieves a synergistic combination of “high
graphitization degree” and “high mechanical performance”, breaking the traditional
perception that crystallinity and robust mechanical behavior cannot be achieved
simultaneously in sugar-derived carbons. The catalyst not only promotes the
rearrangement of carbon atoms but also induces the formation of a highly cross-linked
nanoscale graphitic network, which maintains hardness while enhancing deformability.
The graphitized regions act as microscopic “dampeners”, effectively buffering external
loads through interlayer shear and localized rotation, giving the material the ability to
maintain structural integrity under extreme compression. The “rigid-flexible”
topologically crosslinked nano-network confirmed by TEM successfully overcomes the
long-standing trade-off relationship between hardness and deformability in carbon
materials. This unique microstructural reconstruction provides solid physical evidence
for the exceptional comprehensive mechanical performance of the sugar-derived

graphitic carbon.
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Figure S. Microscopic morphology and mechanical property characterization of Fe/GC.

A-C: Multi-scale TEM images of 0.5-Fe/GC; D: Comparison chart of nanoindentation
hardness and Young’s modulus of samples with different iron concentrations; E:
Nanometer indentation test load-displacement curve; F: Engineering stress-strain curves
of micro-columns with different diameters; G: The in-situ SEM compression evolution

process of 0.5 pm diameter micro-columns.

To further evaluate the mechanical significance of the present carbon microstructure, the
nanoindentation results were compared with those of representative graphite-based
carbon materials reported in the literature, and the structure property correlations within
the present sample series were analyzed(!*3°-4!l, As shown in Figure 6A, the 0.5-Fe/GC
sample is located in the upper-right region of the hardness-modulus map, exhibiting a
superior combination of hardness and elastic modulus compared with most previously
reported graphitic carbon materials. This result indicates that the present Fe-catalyzed
carbon retains a relatively high local load-bearing capability despite its substantial

graphitic ordering.
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To clarify the structural origin of this behavior, hardness and modulus were correlated
with the key structural parameters derived from the Raman and XRD analyses!*’l. As
shown in Figure 6B and Figure 6C, both hardness and modulus decrease with
decreasing Ip/Ig, indicating that increasing structural ordering is generally accompanied
by local mechanical softening. A similar trend is observed in Figure 6D and Figure 6E,
where both hardness and modulus decrease with decreasing d(oo2). Since a smaller do2)
reflects a more compact graphitic stacking structure, these results suggest that
progressive graphitic ordering and interlayer contraction tend to reduce the local
resistance to elastic deformation and indentation. Such behavior is consistent with the

increased tendency for basal-plane sliding in more developed graphitic structures.

Importantly, the comparison between the literature data and the present fitting results
suggests that the superior micromechanical performance of 0.5-Fe/GC cannot be
explained by graphitization alone. If the mechanical response were governed solely by
graphitic ordering, a continuous increase in graphitization would be expected to result in
simple local softening. However, the present 0.5-Fe/GC sample still maintains a
remarkably high hardness-modulus combination relative to previously reported
graphitic carbons. Therefore, this outstanding local mechanical performance is more
reasonably attributed to the catalyst-induced topological microstructure, in which
curved and structurally constrained graphitic domains help suppress facile basal-plane
sliding and improve local stress transfer. In this sense, the Fe-catalyzed graphitization in
the present system does not merely increase graphitic order, but generates a distinctive
graphitic architecture that effectively mitigates the conventional trade-off between

graphitization and micromechanical robustness.
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Figure 6. Comparison of nanoindentation hardness and elastic modulus in this study
with representative graphite-based carbon materials reported in the literature and the
structural-performance relationships obtained in this study. A: Hardness'modulus map
comparing 0.5-Fe/GC with representative graphitic carbon materials from the literature;
B: Correlation between elastic hardness and Ip/Ig; C: Correlation between modulus and
In/lg; D: Correlation between elastic hardness and do2); E: Correlation between

modulus and do02).

CONCLUSIONS

In summary, this study develops a ferric-nitrate-mediated catalytic strategy to achieve
enhanced graphitization of sugar-derived carbon at a relatively low temperature of
1,400 °C, effectively overcoming the inherent graphitization bottleneck of biomass
precursors. The homogeneous incorporation of Fe species induces a unique thermal
evolution pathway, promoting intensive structural reconstruction that culminates in a
curved and constrained graphitic microstructure rather than a conventional lamellar
arrangement. Crucially, our findings clarify that the exceptional mechanical
robustness-characterized by a superior hardness-modulus combination and local
compressive strength-is primarily dictated by this catalyst-induced topological
architecture, which effectively suppresses facile basal-plane sliding. This work
transcends the traditional objective of temperature reduction, establishing
low-temperature catalytic graphitization as a sophisticated structural design strategy. It
provides a robust foundation for the sustainable fabrication of high-performance

biomass carbon and offers a promising route toward integrated thermo-structural carbon
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blocks with enhanced mechanical durability.
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