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sification of carbon anodes for
fluorine electrolysis applications via a multi-cycle
impregnation–carbonization route

Zhenfei Ma,a Xiankui Yang,e Jiangtao Zhu,e Xingjian Kong*bc and Pan Zhang *d

Hard-to-control energy input and reliability trade-offs in conventional multi-high-temperature routes

hinder densification of carbon anodes used in high-temperature electrochemical systems such as

fluorine electrolysis, and the coupling between process parameters, pore evolution and properties

remains insufficiently resolved. Here we report a scalable tri-impregnation semi-carbonization plus one

final carbonization route that lowers peak carbonization stresses while maintaining densification

efficiency. An infiltration framework that treats open/closed pores as vertical/horizontal capillaries and

explicitly accounts for quinoline-insoluble (QI) filter-cake formation is established based on Darcy's law

to quantify permeability evolution. A viscosity–temperature/thermogravimetric dual window delineates

the wetting/filling regime while suppressing premature pyrolysis; in parallel, a bubble-escape-limited

porogenesis mechanism rationalizes the role of heating ramps and isothermal holds on pore-size

distribution and density gradients. Guided by these analyses, optimized parameters (impregnation at

210 °C, 1 MPa, 30 min; delayed heating in 300–500 °C) increase volume density, build a percolated

conductive network, and mitigate swelling/cracking. The bulk resistivity decreases from 52.7 to 32.1 mU

m, while compressive strength improves; density uniformity shows DDmax = 0.010–0.020 g cm−3 in

early cycles, increasing to 0.042 g cm−3 later, indicating the need for staged pressure/temperature holds

to enhance deep-zone densification. The resulting process-structure–property map defines transferable

parameter windows and quality-control metrics, offering a low-energy, industry-ready route to high-

reliability carbon anodes suitable for fluorine electrolysis and related high-temperature electrochemical

processes.
1. Introduction

Under the “dual-carbon” (carbon peaking and carbon
neutrality) goals and the ongoing upgrading of the uoro-
chemicals sector, industrial uorine electrolysis imposes more
stringent requirements on the electrical, mechanical, and
service stability of its key component—the carbon anode.1–3 The
anode's bulk density, pore architecture, and microstructural
ordering not only govern current distribution and uorine
bubble detachment, but also directly affect anodic polarization,
the frequency of anode effects, the specic energy consumption
of uorine production, and overall process safety.4–6 In current
engineering practice, multi-step high-temperature
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carbonization routes such as the “two-impregnation/three-
carbonization” process can increase anode densication to
some extent, but they entail high fuel consumption and thermal
shock to equipment; moreover, periodic installation and
replacement of anodes in the cell keep the life-cycle cost high.7,8

How to markedly reduce preparation energy consumption while
simultaneously improving densication efficiency, density
uniformity, and service reliability remains a key scientic and
engineering challenge for the uorine industry.

Prior studies have largely focused on materials and
surfaces—for example, improving the petroleum coke/pitch
matrix, applying coatings or micro-textures to suppress uori-
nation and facilitate bubble detachment, and optimizing the
coupled electric- and ow-elds at the cell scale to mitigate
anode effects.9–11 However, a full-process perspective that
systematically elucidates how impregnation-carbonization
parameters couple to densication efficiency and properties
across“preparation process, pore evolution, microstructure,
electro/mechanical performance, service behavior” is still lack-
ing.12,13 In particular, the governing role of quinoline-insoluble
(QI)-dominated lter-cake effects on re-opening of pores and
inltration resistance in high-density preforms remains
RSC Adv., 2026, 16, 16389–16398 | 16389
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Table 1 Composition of trace elements in petroleum coke

Elements Fe S K Ca Ni

Wt.(%) 0.224 1.79 0.0225 0.273 0.208

Table 2 Properties of modified asphalt

Properties Index

b-resin insolubles (%) 0.27
Soening point (°C) 109.4
Moisture (%) 4.07
Ash content (%) 0.27
Quinoline insolubles (%) 8.6
Carbon residue (%) 39.51
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unclear;14,15 the coupling boundaries dened by the pitch
viscosity–temperature spectrum and thermogravimetric (TG)
windows for wetting/lling versus pyrolysis-induced porosity
require quantitative delimitation;16,17 and validated parameter
windows and quality-control criteria are still needed to map
how carbonization heating schedules and staged isothermal
holds regulate pore-size distribution,18,19 connectivity, and the
surface–interior density gradient (DDmax), as well as how
microcrystalline parameters (d002, La, Lc) correlate with resis-
tivity and compressive strength.20

Building on these insights, this work targets mid-
temperature uorine production lines and proposes a low-
energy densication route aimed at reducing peak carboniza-
tion temperature and fuel consumption, while systematically
investigating how processing inuences densication efficiency
and performance of carbon anodes. The core concept is a “three
impregnation-semi-carbonization cycles plus one impregna-
tion–nal carbonization” scheme: within appropriate pressure
and temperature windows, staged mitigation of pyrolysis,
optimization of heating rates, and isothermal holds are
employed to achieve continuous pore lling, manage thermal
stresses, and coordinate microstructural ordering. Accordingly,
a multiscale correlation framework—linking process parame-
ters / pore structure / microstructural ordering / macro-
scopic properties—is established. Combined with modeling
and experimental characterization, scale-up-oriented parameter
windows and key quality-control points are provided.

The main research contents and innovations are summa-
rized as follows:

(1) Low-peak-temperature densication route: a “three semi-
carbonizations plus one nal carbonization” process is
proposed and validated, lowering peak carbonization tempera-
ture and total carbonization time while maintaining electro/
mechanical performance, thereby balancing energy use,
thermal shock to equipment, and continuous production
needs.

(2) Preform inltration and ow model: open/closed pores
are abstracted as vertical/horizontal capillaries; a QI lter-cake
formation mechanism is introduced; and an effective perme-
ability description and criterion for high-density preforms are
developed on the basis of Darcy's law. Proxy tests using G5-
grade lter crucibles are employed to estimate the effective
permeability of pitch.

(3) Dual window for “wettability–anti-pyrolysis”: by
combining the pitch viscosity–temperature curve with TG
analysis, three regimes—melting/soening, steady-state ow,
and pyrolytic decomposition—are delineated, dening
temperature windows and holding strategies that favor wetting/
lling while suppressing gas-forming decomposition, thus
guiding thermal control of the process.

(4) Porogenesis mechanism and density-gradient control:
a bubble-escape-limited porogenesis mechanism is validated
via fracture-surface morphology and thermal analysis. The
effects of heating schedules and staged isothermal holds on
pore-size distribution, connectivity, andDDmax are claried, and
a process path is proposed to enhance density uniformity.
16390 | RSC Adv., 2026, 16, 16389–16398
(5) Process–structure–property mapping: the inuences of
carbonization time/heating schedule, maximum carbonization
temperature, impregnation time/temperature/pressure, and
preform mass (size) on bulk density, resistivity, compressive
strength, and density uniformity are systematically evaluated.
Parameter combinations and quality indices suitable for engi-
neering scale-up are established to realize the co-optimization
of densication efficiency and service performance.
2. Experimental section
2.1. Materials

The petroleum coke used in this study was supplied by Tianjin
Youhao New Materials Technology Co., Ltd (China), and its
trace element composition is listed in Table 1. The pitch was
a modied pitch provided by Shanghai Baosteel Chemical Co.,
Ltd (China), with its specic properties summarized in Table 2.
2.2. Sample preparation

The pulverized petroleum coke was graded according to the
particle-size distribution in Table 3 and blended accordingly.
The coke and pitch were then charged into a kneader-mixer and
mixed at 180 °C for 30 min to ensure that the pitch fully coated
and wetted the coke particle surfaces. The mixed batch was hot-
pressed to form cylindrical green compacts with uniform
diameter and height. Specically, the green bodies obtained by
hot pressing were rst calcined under a nitrogen atmosphere at
a heating rate of 2 k min−1 up to 300 °C to obtain semi-
carbonized samples. These samples were then immersed in
molten pitch preheated to 220 °C, with nitrogen pressure
applied up to 1 MPa for 55 min of impregnation. Aer
impregnation, the samples were again calcined under nitrogen
at 300 °C with a heating rate of 2 k min−1. This impregnation-
calcination process was repeated three times under identical
conditions. Finally, the samples were carbonized under
nitrogen at 800 °C with a heating rate of 10 k min−1 to obtain
the nal products.
Coking yield (%) 57.20

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Particle size distribution of petroleum coke

Particle size range (mm) Ball-milled powder 0.054–0.075 0.075–0.15 0.15–0.355 0.355–0.6 0.6–0.7
Ratio 5 4 1 1 2 2
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2.3. Testing details

Microstructures were observed by scanning electronmicroscopy
(SEM, TESCAN VEGA3 SBH). Phase compositions were charac-
terized by X-ray diffraction (XRD, Empyrean, PANalytical).
Thermal decomposition was examined using a simultaneous
thermal analyzer (Netzsch STA 449 F3) under nitrogen (N2). The
electrical resistivity of carbon plates was measured with a four-
point probe (KDB-1). The open porosity of the carbon anodes
was determined according to the standard boiling water
method (YS/T 63.6). Compressive properties before and aer
use were tested on a universal testing machine (Instron 5967).
Pitch viscosities at different temperatures were measured with
a digital viscometer (DV-2). Unless otherwise specied, all
measurements were performed at room temperature.
3. Results
3.1. Coupled mechanism of mass transfer during preform
impregnation and porogenesis during carbonization

To address the poor pitch mass transfer encountered in the
impregnation stage of low-density carbon anodes, we rst
establish an equivalent capillary-channel model governed by
open/closed pores (Fig. 1). Low-density preforms are dominated
by large-aperture open pores, whereas high-density preforms
comprise ∼90% open pores with a small fraction of closed
pores; the diameter of open pores spans 0.01–100 mm. During
impregnation, open pores are treated as vertical capillary
bundles connected to the external surface, while closed pores
are regarded as horizontal capillary bundles without external
connectivity.21,22 The following assumptions are adopted: (i) the
preform geometry remains unchanged under external pressure;
(ii) the liquid pitch is incompressible; (iii) the uid within the
pore channels is continuous and saturated at all times; and (iv)
the effective capillary channels are approximately straight. This
model reveals a primary “particle-pore size” matching
Fig. 1 Impregnation model of preform (low density preform on left and

© 2026 The Author(s). Published by the Royal Society of Chemistry
constraint for impregnation effectiveness: when the size of
quinoline-insoluble (QI) particles is smaller than the diameter
of open pores, they can be carried inward with the uid;
otherwise, they accumulate at pore mouths to form a lter cake,
markedly increasing inltration resistance—thereby explaining
the root cause of incomplete lling in high-density preforms.

Considering the difficulty of directly measuring the perme-
ability of the QI lter cake, a G5 lter crucible with a comparable
pore-size scale was employed as an equivalent surrogate. Based
on Darcy's law and mass conservation, a measurable expression
for the permeability was established, with the derivation given
in eqn (1)–(5). Experimental results (Fig. S1) show that, in the
early stage of impregnation, small QI particles are carried out
with the uid and deposit at pore mouths to form an initial
lter cake with high porosity and thus high permeability; in the
mid-stage, continued accumulation of ne particles on the cake
sharply constricts the ow channels, leading to a rapid decrease
in permeability; in the late stage, the cake becomes substan-
tially densied, only a few open pores sustain ow, and the
permeability approaches a very low level. This “fast-to-slow”
permeability kinetics is consistent with the microscopic process
of stepwise sieving/accumulation of QI particles.23

The slow inltration of liquid in micropores is described by
Darcy's law:24

K ¼ 3mvd

Dp
(1)

where d and Dp denote the lter-cake thickness and the pres-
sure drop between its upper and lower surfaces, respectively.

From mass conservation, it follows that:

d ¼ wprLx

rpð1� 3Þ � wprL
(2)

where wp is the mass fraction of quinoline insolubles (QI), and x
is the drop in the pitch liquid level within the crucible.

From the denition of ow velocity, we have:
high density preform on right).

RSC Adv., 2026, 16, 16389–16398 | 16391
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v ¼ dx

dt
(3)

B ¼ wprL

rpð1� 3Þ � wprL
(4)

By combining eqn (1)–(4) and integrating, the following
expression is obtained:

K ¼ 3mBx2

2Dpt
(5)

The rheological properties of pitch play a decisive role in
impregnation behavior. As shown in Fig. S2, its viscosity–
temperature curve exhibits a distinct three-stage feature: 130–
190 °C corresponds to the melting–soening region, where
viscosity drops sharply beyond the soening point, favoring
wetting and spreading; 190–230 °C is the steady-ow region,
where physicochemical properties remain stable and wetting/
lling efficiency is maximized; at $230 °C, the system enters
the pyrolysis/aging region, where the evolution of pyrolysis
gases not only reduces the internal negative pressure and
effective pressure drop within the preform, but may also trigger
bubble phase transitions, thereby weakening impregnation
efficiency. This indicates that the impregnation temperature
window should not be raised indiscriminately but rather
balanced between achieving low viscosity and suppressing
pyrolysis. The pore formation during carbonization can be
explained by the bubble-escape-limited mechanism
(Fig. S3).17,25 Pyrolysis of pitch continuously generates bubbles:
those near the surface escape under internal pressure, while
those within the bulk remain constrained by the solid skeleton,
grow progressively, and eventually leave residual pores upon
solidication or rupture. A comparison of gas evolution with TG
mass loss (Fig. 2) shows that the onset temperature of gas
release lags behind that of the corresponding weight loss,
reecting a temporal mismatch between “generation–migra-
tion–escape” and “weight loss–solidication”. Based on TG
Fig. 2 TG curve of asphalt pyrolysis.

16392 | RSC Adv., 2026, 16, 16389–16398
characteristics, the carbonization process can be divided into
three stages:

Stage I (#230 °C): soening and stress relaxation with minor
volatilization;

Stage II (230–400 °C): intense pyrolysis and gas release, fol-
lowed by polycondensation into semicoke at 400–500 °C during
this stage the heating rate should be reduced to avoid cracking;

Stage III (500–700 °C, extending to 700–1200 °C): trans-
formation from semicoke to coke and progressive
graphitization.

This staged understanding provides both thermodynamic
and kinetic guidance for setting subsequent process
parameters.
3.2. Inuence and optimization of impregnation–
carbonization parameters on the densication of carbon
anodes

With carbonization pressure, impregnation time, and impreg-
nation temperature kept under controlled boundary conditions,
the effects of heating schedule, maximum carbonization
temperature, impregnation time/temperature, applied pres-
sure, and preform size on densication efficiency and dimen-
sional stability were systematically investigated. Based on these
analyses, a low-energy, reproducible optimization route was
constructed.

First, regarding the heating schedule (Table S1 and Fig. 3),
introducing a delay (i.e., a slower heating ramp) in the 300–500 °
C interval signicantly enhanced bulk density while suppress-
ing volumetric expansion. This is because this temperature
range corresponds to the main reaction stage of poly-
condensation and semicoke formation; a slower heating rate
not only facilitates the orderly release of pyrolysis gases, thereby
reducing macroscopic tensile stresses induced by internal
pressure, but also promotes the growth and alignment of
mesophase domains, thus improving the continuity of
conductive and thermal pathways. By contrast, the 0–300 °C
range (dominated by soening/ow) and the 500 °C isothermal
stage (subsequent semicoke-to-coke conversion) exhibited
weaker effects on density and expansion. Therefore, consid-
ering overall performance and cost, the B3 heating prole was
identied as the optimal scheme.

Second, the maximum carbonization temperature directly
determines both the pore “re-opening” capacity and the inter-
facial bonding quality for the subsequent impregnation cycle
(Fig. 4). Experimental results show that a single impregnation–
1200 °C carbonization step yields a bulk density increment of
0.131 g cm−3, which is comparable to the cumulative increment
obtained from three successive impregnation–500 °C semi-
carbonization cycles. Considering energy consumption,
production rhythm, and equipment limitations, a cyclic route of
three impregnation–500 °C semi-carbonizations followed by
one nal carbonization is proposed. This strategy signicantly
reduces peak temperature and specic energy consumption
without sacricing densication effectiveness.

Next, a pronounced coupling effect was observed between
impregnation time and preform size (Fig. 5a–f). As the preform
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Influence of carbonization time on volume expansion rate and volume density (a) is the temperature range from 400 to 500 °C; (b) is the
temperature range from 300 to 400 °C; (c) is the temperature range from 0 to 300 °C; (d) is constant temperature at 500 °C.
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size increased, the internal network complexity, wall friction,
and pressure drop also increased, resulting in decreased
impregnation efficiency. For smaller samples, the density gain
gradually leveled off aer a certain time, showing a “time
marginal effect”. Balancing inltration depth, structural
uniformity, and production rhythm, a forming mass of 5 g and
an impregnation time of 30 min were selected as the baseline
conditions for subsequent experiments and scale-up validation.

In addition, impregnation temperature and applied pressure
represent two key “direct control variables” governing wetting
and penetration. The results (Fig. 5g, S4a and b) show that with
increasing impregnation temperature, the impregnation rate
and bulk density rst increased and then decreased, compres-
sive strength rst increased and then decreased, while resis-
tivity rst decreased and then increased. The inection point
corresponded to the transition between the rheological steady
state and the onset of pyrolysis. Balancing low viscosity, effec-
tive wetting/spreading, and resistance to pyrolysis, 210 °C was
identied as the optimal impregnation temperature.

Regarding pressure (Fig. 5h), in low-density preforms
dominated by large pores with lower capillary resistance, the
benet of applying additional pressure was limited. In contrast,
in high-density preforms dominated by micropores/cracks,
external pressure signicantly enhanced inltration depth
© 2026 The Author(s). Published by the Royal Society of Chemistry
and densication efficiency. Considering efficiency and cost,
1 MPa was selected as the standard impregnation pressure.

Finally, a global comparison of the new and conventional
routes (Table S2) showed that the new process, employing four
cycles instead of the conventional two, signicantly reduces
peak carbonization temperature to 500 °C, shortens effective
carbonization duration, and improves impregnation suffi-
ciency, while simultaneously lowering energy consumption.
Thus, the new route offers superior techno-economic perfor-
mance and better compatibility with industrial equipment.

3.3. Testing data and performance characterization of
carbon anodes

As shown in Fig. S4, the bulk resistivity of carbon anodes
decreases continuously with the cyclic impregnation–carboniza-
tion process. During the rst three “impregnation–semi-carbon-
ization” cycles, the rate of decrease gradually slows; aer the
fourth “impregnation-nal carbonization,” the resistivity drops
from 52.7 mU m to 32.1 mU m, a reduction of 39.1%, indicating
a signicant improvement in electrical conductivity. Mechanisti-
cally, this can be explained by the tunneling conduction effect and
percolation-network theory:26,27 initially, particle spacing is rela-
tively large and pore connectivity is poor, leading to high macro-
scopic resistivity. As pitch gradually lls the pores and carbonizes,
RSC Adv., 2026, 16, 16389–16398 | 16393
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Fig. 4 Influence of carbonization temperature on impregnation effect and volume density (a) is the first impregnation-carbonization stage, (b) is
the second impregnation-carbonization stage, (c) is the third impregnation-carbonization stage.
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the effective interparticle spacing decreases; when the gap
narrows to only tens of nanometers, electrons can quantum-
tunnel through thin layers to form local conductive pathways.
Once connectivity surpasses the percolation threshold, a three-
dimensional conductive network rapidly develops, resulting in
a sharp drop in resistivity. Thereaer, additional pitch primarily
modies the network and passivates defects, leading to a slower
rate of decrease. Upon completion of carbonization, the trans-
formation from semicoke to coke further stabilizes and broadens
the conduction paths, driving resistivity lower.

Fig. 6a shows the compressive strength at different impreg-
nation–carbonization cycles. Overall, compressive strength
increases with the number of cycles: pores are progressively
lled, pore number and size are reduced, the load-bearing
capacity of the skeleton is enhanced, and stress concentration
is alleviated. The “pseudo-plastic fracture” observed aer the
rst impregnation–semi-carbonization gradually transitions
into “brittle fracture” as densication advances, reecting the
enhanced interfacial bonding and improved wall continuity
that reshape load-bearing and energy-release mechanisms. In
low-density samples, early failure is mainly initiated at large
pores and weak interfaces; aer densication, this effect is
signicantly mitigated, resulting in improved macroscopic
strength stability.
16394 | RSC Adv., 2026, 16, 16389–16398
The XRD patterns of samples at different cycles are shown in
Fig. 6b, and the corresponding lattice parameters are listed in
Table S3. With increasing cycle number, the (002) peak shis to
smaller angles, d002 gradually increases, while La and Lc
decrease, indicating microcrystalline renement and adjust-
ment of structural ordering. This result is consistent with the
combined effects of “pore lling–carbonization densication–
microcrystalline rearrangement”. Correlations among La, Lc,
porosity (3), compressive strength, and electrical resistivity were
subsequently tted. The tting results reveal that porosity
exhibits a stronger correlation with both compressive strength
and resistivity. This is because, with increasing impregnation
cycles, the pitch undergoes carbonization to form a three-
dimensional network structure. The interwoven network
strengthens the inter-particle connections, thereby enhancing
the mechanical properties and reducing electrical resistance
(Fig. S5).

It should be noted that excessively high carbonization
temperatures may induce microcrystalline structures that can
form covalent bonds with uorine atoms during electrolysis, di-
srupting the extended p-bond network of carbon layers. This
would sharply reduce electronic conductivity and eventually lead
to the formation of an insulating layer on the carbon anode
surface, which is detrimental to stable uorine production.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a)Influence of forming quality (preform size) on cyclic impregnation-carbonization; (b–f)Influence of impregnation time on volume
density ((b) is 5 g; (c) is 6 g; (d) is 7 g; (e) is 8 g; (f) is 9 g; (g) influence of impregnation pressure on impregnation rate; (h) influence of impregnation
pressure on impregnation rate.
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Therefore, the carbonization temperature of carbon anodes for
uorine electrolysis should be strictly controlled below 1600 °C.21,28

Density uniformity was evaluated using the symmetric
thickness-reduction method to prepare test blocks of different
heights, and densities were calculated by the volume–weight
Fig. 6 (a) Compressive strength of preforms at different cycles of impre
cycles of impregnation and carbonization.

© 2026 The Author(s). Published by the Royal Society of Chemistry
method.29,30 The parameters of the green bodies at different
impregnation–carbonization cycles are listed in Table S4, and
the corresponding test results are summarized in Tables S5–S8.
The results show that aer the rst two “impregnation–semi-
carbonization” cycles, the maximum density difference (DDmax)
gnation and carbonation; (b) XRD patterns of preforms under different
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was 0.010–0.020 g cm−3, indicating good uniformity. Aer the
third and fourth cycles, DDmax increased to 0.028 g cm−3 and
0.042 g cm−3, respectively, and exhibited a density-decreasing
gradient from the surface toward the interior as the sample
thickness was reduced (Fig. 7). This phenomenon indicates that
in the later stages, surface regions densify preferentially, while
deep penetration is hindered by both inltration resistance and
lter-cake densication, resulting in a gradient-type density
distribution. Such carbon anode density inhomogeneity may
lead to localized high current density, thereby affecting the
overall performance and lifetime of the anode, especially in
large-scale, high-load industrial electrolyzers. To mitigate this
gradient in future scale-up scenarios, strategies such as
designing electrode structures with graded porosity or direc-
tional channels could be employed to guide a more uniform
distribution of ion ow. Overall, density uniformity is strongly
correlated with impregnation penetration depth; in the later
cycles, strategies such as staged pressurization or tailored
temperature–holding proles may also be employed to further
enhance deep-zone densication.

For ease of discussion, Fig. S6 illustrates the fracture
morphology evolution of carbon anodes at different impregna-
tion–carbonization stages. As shown in Fig. S5 ((1–1)–(1–3)),
aer the rst “impregnation–semi-carbonization”, the fracture
surface exhibits a pronounced coral-like structure, with
numerous large pores and voids, as well as interspersed small
pores forming partially interconnected channels. Such defects
mainly arise from the combined effects of pyrolysis gas release
and thermal stresses during carbonization: the former accu-
mulates and escapes within the skeleton, while the latter
induces microcrack propagation under temperature gradients
and phase-change shrinkage. Together, these processes lead to
the formation and amplication of the pore structure. At the
macroscopic level, these pores disrupt the continuity of effective
conductive pathways, resulting in increased bulk resistivity and
higher energy consumption during operation. When anode
effects occur during electrolysis, it is oen necessary to briey
Fig. 7 Test block density distribution.

16396 | RSC Adv., 2026, 16, 16389–16398
increase the voltage (approximately 3–5 min) to strip off the
surface uorinated passivation layer. Under the combined
inuence of electrolyte ushing and thermal ow, the afore-
mentioned pores and microcracks serve as preferential initia-
tion sites for crack propagation, signicantly compromising
service reliability. From a processing perspective, multiple
impregnation–carbonization cycles are therefore required to
reduce the defect volume fraction and enhance structural
densication, thereby improving corrosion resistance and anti-
polarization capability.

A further comparison of Fig. S5 ((1–1), (2–1), (3–1), and (4–1))
shows that with increasing impregnation–carbonization cycles,
the fracture morphology gradually transitions from rough and
porous to at and dense: large pores are markedly reduced,
small pores are progressively lled, and ultimately only a few
ne micropores remain. Compared with commonly used resin-
based impregnating agents, pitch exhibits superior wetting and
spreading behavior on pore walls and aggregates during
impregnation. Aer high-temperature carbonization, the
resulting pitch-derived carbon forms strong adhesion and
mechanical interlocking with the pore walls, enhancing
particle–matrix interfacial bonding strength, tightening particle
connections, and thereby constructing continuous load-bearing
and conductive networks. The evolution of fracture morphology
and the reduction in pore size/number are consistent with the
observed improvements in macroscopic electrical and
mechanical properties, providing direct microstructural
evidence. To verify the high reliability of the carbon anode
material during uorine electrolysis, we conducted practical
operation tests of the prepared carbon anode in an industrial
electrolyzer and systematically evaluated the changes in its
compressive strength before and aer operation. The test
results show that the compressive strength of the carbon anode
decreased from the initial 93 MPa to 71 MPa aer operation.
Despite this reduction, the post-operation sample still main-
tained good mechanical performance, indicating that the
material possesses high structural stability under the harsh
conditions of uorine electrolysis.

Table S9 compares the properties of samples prepared by the
new and conventional processes with those of typical uorine-
electrolysis carbon anodes from multiple countries. The new-
process samples meet the basic requirements for Chinese
uorine-electrolysis anodes in terms of bulk density, resistivity,
compressive strength, ash content, and porosity, while occu-
pying a relatively favorable range compared to international
samples. Given the signicant advantages of the new route in
lowering peak carbonization temperature and reducing energy
consumption, this process can satisfy the requirements of mid-
temperature uorine-electrolysis production lines and offers
a feasible pathway for cost-effective industrial production.

4. Conclusion

This study proposes and validates a low-energy densication
route for carbon anodes in industrial uorine electrolysis,
namely a “three impregnation–semi-carbonizations plus one
nal carbonization” process. By combining a capillary
© 2026 The Author(s). Published by the Royal Society of Chemistry
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inltration model, a dual viscosity–temperature/TG window,
fracture morphology, and XRD analyses, the coupling mecha-
nisms between processing parameters, pore evolution, micro-
structural ordering, and macroscopic properties were
systematically revealed. Scalable parameter ranges and quality-
control criteria were also established. The main conclusions are
as follows:

Low-energy densication process: compared with conven-
tional multi-step high-temperature carbonization, the proposed
route reduces peak carbonization temperature and energy
consumption while maintaining densication efficiency and
mechanical performance, with advantages in continuous
production and equipment compatibility.

Mass transfer and QI effect: an equivalent inltration model
based on Darcy's law was developed, revealing the “fast-to-slow”
permeability kinetics caused by QI lter-cake formation.

Dual window and heating optimization: three regimes—
melting–soening, steady-state ow, and pyrolysis decomposi-
tion—were claried. An impregnation temperature of 210 °C
was identied as optimal; a slower heating ramp in the 300–
500 °C range facilitated gas release and densication, with the
B3 prole showing superior performance.

Performance enhancement and structure correlation: under
optimized conditions, bulk resistivity decreased from 52.7 to
32.1 mU m and compressive strength improved. XRD revealed
microcrystalline renement and reordering. Density uniformity
was good in early cycles but showed a surface-to-core gradient in
later cycles, suggesting staged pressurization or tailored
temperature–holding strategies to further improve deep-zone
densication.

In summary, a multiscale framework linking process
parameters–pore structure–properties has been constructed.
The proposed low-energy and scalable fabrication route
provides both theoretical guidance and practical pathways for
performance enhancement and green manufacturing of carbon
anodes for uorine electrolysis.
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