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FesO,4 is a promising transition metal oxide for ion removal owing to its high theoretical capacity,
hydrophilicity, and non-toxicity, but its structural instability during ion insertion-extraction limits practical
application. Here, FesO4 was integrated with mesoporous carbon derived from biogas slurry to enhance
conductivity and sustainability, followed by alkaline etching to introduce abundant iron vacancies (VFO).
The resulting VFO-C composite exhibits accelerated charge transfer, numerous intercalation-active sites,
and superior electrochemical stability. At 1.6 V, the material achieved a desalination capacity of 126 mg g*

Received 24th June 2025 and retained 96.6% of its initial capacity after prolonged cycling. This performance surpasses conventional
Accepted 11th October 2625 FesO, electrodes, highlighting the synergistic benefits of defect engineering and waste-derived carbon.
The strategy not only advances high-efficiency and durable capacitive deionization but also broadens

DOI: 10.1039/d5im00117j potential applications in energy storage systems such as supercapacitors and batteries.
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1 Introduction

Recently, Fe;0, (magnetite) has garnered significant attention
in the field of ion removal due to its favorable electrochemical
properties, non-toxicity, and high theoretical capacity,"* as
well as high corrosion resistance, low cost, natural
abundance,® and environmental friendliness in terms of
long-term economics.””® However, despite having been so
attractive, the drastic volume change inevitably caused during
the ion embedding and detachment process leads to a
significant challenge to the material's structural stability, low
conductivity of pristine Fe;0, also limits the breakthrough in
the material capacity.”** Therefore, improving the structural
stability of Fe;O, through precise microstructural control has
become an important research focus in this area.

To overcome these challenges, innovative approaches have
been developed. Researchers have shortened ion diffusion
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pathways, alleviated volume stress, and increased surface
area for enhanced electrochemical reactions by fabricating
Fe;0, into nanoparticles or porous structures. Also, strategy
of coating Fe;O, with conductive materials such as graphene,
carbon nanotubes, or conductive polymers has improved
conductivity and enhanced the stability of the material.
Studies have shown that introducing specific lattice defects,
such as iron vacancies, has significantly enhanced the
intrinsic reactivity and cycling stability of Fe;0,. Among these
strategies, creating vacancies has been shown to enhance
ORR activity by optimizing the adsorption of oxygen
intermediates and facilitating electron transfer."® It also
mitigates the volume expansion associated with ion
insertion, thereby enhancing the structural stability of the
material.'»"®> Furthermore, iron vacancies can improve
charge distribution and electrochemical reactivity, leading to
superior ion removal efficiency.'®'” For example, researchers
have successfully synthesized iron vacancy-rich Fe;O, using
an alkaline etching strategy, demonstrating its excellent
performance in electrochemical desalination.’® Despite the
enhanced performance brought by iron vacancies, the long-
term electrochemical stability of these materials, especially
under repetitive cycling, highlights the need for
complementary strategies, such as the incorporation of green
conductive materials.

Biochar, a low-cost, eco-friendly carbon material with
widespread availability, has shown promising potential in
various electrochemical applications.'® Furthermore, growing
environmental awareness and the need for sustainable
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resource utilization have driven the development of green
materials in modern materials science. Particularly, biochar
derived from anaerobic fermentation residues, such as biogas
slurry, provides an effective means of recycling waste into
useful resources, thereby promoting a circular economy.***!
Incorporating biogas slurry carbon into Fe;O4-based systems
compensates for conductivity limitations of Fe;O,, offers
additional the
electrochemical performance and cycle life.>*** As a green
carbon source, biogas slurry-derived carbon also contributes
to reducing the carbon footprint of material production,

active sites, and enhances overall

facilitating a more sustainable, low-cost production process.
As summarized in Table S1, capacitive deionization (CDI)

technique exhibits a markedly lower specific energy
Sl "
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consumption (~0.2-1.0 kWh m™) for low-salinity water
(0.5-4 kwh m™)
membrane distillation (0.6-1.8 kWh m™ electrical plus
significant thermal demand), underscoring its energy-saving
advantage for sustainable desalination.

compared to reverse osmosis and

This study presents an innovative strategy that integrates
Fe;0, with abundant iron vacancies (VFO) and mesoporous
carbon derived from biogas slurry (C). The materials were
designed to address the intrinsic performance limitations of
Fe;0,4, such as poor conductivity and structural instability,
while simultaneously promoting sustainable material
development. By incorporating biogas slurry-derived carbon,
the conductivity of the composite was significantly improved,

and additional active sites were provided, enhancing the
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(a) Schematic illustration of the source of VFO-C material preparation and the preparation process; SEM, TEM, HRTEM and SAED images of

Fes04-C (b-e) and VFO-C (f-i), respectively. EDS mapping image of VFO-C (j-m).
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overall electrochemical performance. The introduction of
iron vacancies further optimized ion transport and mitigated
volume expansion during ion insertion and extraction. The
resulting composite material, VFO-C, demonstrated
exceptional performance in various tests, including a high
ion removal efficiency of 126 mg g™ at 1.6 V during
electrochemical desalination and remarkable cycling stability,
retaining 96.6% of its capacity after recirculating
desalination. Additionally, the material exhibited a low
capacity decay rate during repeated charge-discharge cycles,
confirming its strong electrochemical stability. These results
highlight the effectiveness of combining defect engineering
with sustainable carbon materials, addressing both technical
challenges and environmental concerns. The synergistic
integration of iron vacancies and biogas slurry-derived
carbon not only enhances the electrochemical properties of
Fe;O, but also aligns with green chemistry principles,
offering a pathway for the development of next-generation
materials. This strategy holds significant potential for
practical applications in ion removal technologies and energy
storage systems.

2 Results and discussion
2.1 Characterization of Fe;0,-C and VFO-C

The morphology and microstructure of Fe;0,-C and VFO-C
heterostructure were characterized by SEM and TEM. As can
be seen from the SEM images of Fig. 1b and f, the NaOH-
etched material exhibits a more homogeneous morphology.
This improved homogeneity may be attributed to the
behavior of Al,O; under alkaline conditions. Al,0; forms
hydrated particles in solution, whose surface charge can
become either positive or negative depending on protonation.
The loss of H' from surface hydroxyl groups, forming
negatively charged AlO,", introduces electrostatic repulsion
between particles, thereby suppressing agglomeration.>**®
Consequently, the alkali-treated material exhibits greater
uniformity and a smaller average particle size. Fig. 1c and g
show more clearly that the material forms spherical-like
particles and some pores on the surface, and this
morphology is conducive to mitigating the volume expansion
induced by the redox reaction of ions on the surface of the
material as a result of repeated charging and discharging
during the desalination process.>>*” Meanwhile, the
constructed VFO-C also exhibits a high degree of
homogeneity in the TEM images. The characteristic lattice
streaks of Fe;O, can be seen by HRTEM with a lattice spacing
of 2.4 A, which belongs to the crystallographic plane (311),%
as well as a characteristic lattice belonging to the
crystallographic plane (400) at a lattice spacing of 2.1 A. After
etching, the (111) crystal face is more clearly characterized,
showing a uniform lattice spacing of about 4.75 A.*°
Meanwhile, these features are also reflected in the SAED as
shown in Fig. 1e and i. HADDF images (Fig. 1j and k) show
high-resolution compositional distributions of VFO-C, which
corroborating its composite structure.

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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Al,O; + 2NaOH + 3H,0 — 2Na[Al(OH),]

Contact angle of electrode materials plays a pivotal role in
determining the ion transport efficiency and adsorption
capacity in capacitive deionization. Hydrophilic materials,
with their lower contact angles, improve deionization
performance by enhancing water-electrode interaction and
reducing pore blockage.*>*" In contrast, hydrophobic
materials limit ion transfer and reduce the overall efficiency.
We tested the contact angle and both of the composites
exhibited less than 40° in Fig. 2a and b, which is favorable
for subsequent CDI process, and an average contact angle of
around 30° after etching. This also indicates a change in
hydrophilicity with the increase of oxygen-containing
functional groups on the surface of the material. Upon
comparing the BET results before and after impregnation
with nanoparticles in Fig. 2d, there was an apparent
increases in surface area and a widening in pore size
distribution, possibly due to the alkaline environment
accelerating the dissolution of small inorganic components
on the surface or inside the material,**** and also due to the
fact that alkali can dissolve a portion of the AlO,  bonds.
This dissolving effect likewise produces more pores, thus
increasing the specific surface area. Diffraction peaks in
Fig. 2e observed at 26 values of approximately 30°, 35°, 43°,
53°, 57°, and 62° correspond to the (220), (311), (400), (422),
(511), and (440) crystallographic planes of magnetite (Fe;0,),
respectively, consistent with the standard JCPDS card No. 19-
0629.** The absence of distinct carbon peaks around 25° may
be attributed to the amorphous nature of carbon, and
potential peak overlap with Fe;0,.°>°° XPS was used to
compare the change in valence binding energy at the surface
of the material. As can be seen from total XPS spectra in
Fig. 2f, there is not much difference between the two,
indicating that the overall elements have not changed much.
In the Fe 2p spectra in Fig. 2g, the Fe 2p;, peaks of the
Fe;04 samples usually appeared near 710.6 eV, and the Fe'
2p1» peaks appeared around 723.1 eV. After the introduction
of iron vacancies, these peaks changed significantly.®”**
Specifically, the Fe' 2p;,, peak position is shifted to the high-
energy side by about 0.3 eV and appears at 710.3 eV, while
the Fe"" 2py,, peak is shifted to the high-energy side by almost
1.0 eV and appears at 724.1 eV.>**** This change in peak
position suggests that the introduction of iron vacancies
leads to a change in the local electronic environment, which
affects the binding energy of Fe atoms. In terms of intensity,
the overall intensity of the Fe™ 2p spectra decreased after the
introduction of iron vacancies. This suggests that iron
vacancies reduce the number of Fe' atoms, leading to a
weakened XPS signal. At the same time, we observed a
change in the intensity of the satellite peaks in the Fe 2p
spectra. The Fe'™ 2p;, satellite peak of Fe;0,, which usually
appears around 718.8 eV, was significantly enhanced in the
samples with the introduction of iron vacancies.*>** This
change further supports the idea that iron vacancies affect
the electronic structure and local environment of Fe atoms."*
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Fig. 2 Contact angles of Fez04-C (a) and VFO-C (b); N, adsorption isotherms (c) and pore size distributions (d) for Fes04-C and VFO-C; XRD
patterns (e) and XPS survey spectra (f) of Fez04-C, VFO-C; high-resolution comparation Fe 2p (g), C 1s (h) and O 1s (i) of Fes04-C and VFO-C,

respectively.

O 1s spectra also show significant changes after the
introduction of iron vacancies. In the Fe;O, samples, the O
1s peak usually appeared at 530.0 eV, representing the oxygen
in the oxide. When iron vacancies were introduced, the
position of the O 1s peak showed a slight change and shifted
to the low-energy side by about 0.2 eV, appearing at 529.8
eV.*! This change may be due to the change in the electronic
environment around the oxygen atom caused by the iron
vacancy, resulting in a change in the binding energy. In
addition, a new shoulder peak appeared in the O 1s
spectrum, located near 531.5 eV. This shoulder peak may
correspond to the presence of surface hydroxyl groups or
adsorbed oxygen. The introduction of iron vacancies may
have increased the number of these surface species, leading
to the appearance of a new shoulder peak in the O 1s
spectrum.*>*® By XPS spectroscopy, we found that the
introduction of iron vacancies significantly affected the
electronic structure and surface chemical properties of Fe;O,.
Changes in peak positions, peak shapes, and intensities in
the Fe"™ 2p and O 1s spectra indicate that iron vacancies

Ind. Chem. Mater.

caused significant changes in the local environment.***

These changes further suggest that the introduction of iron
vacancies can effectively modulate the physicochemical
properties of Fe;O,, providing new possibilities for
optimizing its performance in various applications.

2.2 Electrochemical properties of VFO-C

We performed cyclic voltammetry (CV) tests on Fe;04-C and
VFO-C in 1 M NacCl electrolyte. For the Fe;0,-C samples, the
CV curves showed weak redox peaks in the potential range of
-0.6 to 0.6 V, indicating low electrochemical activity.
However, the CV curves showed more pronounced redox
peaks, especially at —0.15 V and 0.15 V, which implied VFO-C
were introduced. This suggests that the presence of iron
vacancies significantly enhances the electrochemical activity
of the materials, possibly due to more active sites and higher
electronic conductivity."”*® The peak changes of CV curves
for VFO-C were analyzed in detail at different sweep speeds
(1 mV s™" to 50 mV s7') in Fig. 3b, where analysis using the

© 2025 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00117j

Open Access Article. Published on 23 10 2025. Downloaded on 2026-02-24 2:36:01.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Industrial Chemistry & Materials Paper
0s 0.5 VFOC| 4, A 15
- — |@ — |% i=av 4 g
:. 0.0 % 0.0 = E i / g_m
= § Z . E > §
§ -0s £-0s Y/ 3 509 ¥ =0.208x +0.1786
5 b y 1—=-50mVs’|x-02 < I =0.8854
o VFO-C € v & /u, - 0.4072 H
& -1or FO-C g : =) a 08
© : 53 A
g 7] B -1 -0.4 /
@ s -15 t v o3f =
-(;.6 -l;.l -I;42 0:0 0?2 nf4 0?5 -0.6 -0.3 0.0 0.3 0.6 0.0 04 0.8 12 16 1.5 30 1;'5 4 60 L]
Potential (V) Potential (V) Log scan rate (mV s™) scan rate' (mV s”)
€ . ' f"-’ r /\ gas VFO-C n VFOC
\
210 LT 03 \ —FOC 03k LT 2 00
= B ——VFOC s £
E 140 « VFO-C LT = \ =k =
s FO-C g 0o \ - S-0s
= 3y £ £ E
N 4 ° \ 2 3
70 ° a o o
o, R W, -0.3 a-03 06
0" ' i -06
-0.6 § N . N | -0.9
0 30 60 90 120 0 4 8 12 16 0 5 10 15 20 -0.6 -0.3 0.0 0.3 0.6
. 2, (ohm) Time (s) Time (s) Potential (V)
I osf
0.3
s
S 00f ‘
<
]
g -03 |
-0.6 -
1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Time (s)

Fig. 3 Electrochemical performances of VFO-C. (a) CV curves at 50 mV st of Fes0,4-C and VFO-C; (b) CV curves at 1-50 mV s%; (c) b-value
calculations; (d) the relationship between peak current and v¥/2; (e) Nyquist plots; (f) GCD curves at 1 A g * of Fes04-C and VFO-C; (g) GCD curves
at 1-10 A g%; (h) 100 CV cycles curves at 25 and 50 mV s™%; (i) 60 GCD cycles curves at1and 2 A g%

Tafel equation revealed b values was 0.4072, less than 0.5.
This finding underscores its promising battery performance
characteristics.” These attributes VFO-C  enhanced
conductivity and structural stability facilitate efficient charge
transfer and minimize electrode polarization effects during
cycling. The electrochemical impedance spectroscopy (EIS)
test results show that the material with the introduced iron
vacancies has a lower charge transfer resistance (R.) of about
20 Q, while the R.; of the Fe;0,-C is about 40 Q. In addition,
the Warburg impedance (Z,) of the VFO-C is also lower,
which suggests that it has a better ion diffusion
performance.

In the constant-current charge-discharge test, VFO-C
exhibits higher specific capacitance and better cycling
stability. At a current density of 1 A g™, the specific
capacitance of VFO-C is 220 F g™, while that of the Fe;0,-C
is only 160 F g '. The specific capacitance of VFO-C stays
high at different current densities (from 1 A g™* to 10 A g™)
and decays less at high current densities, indicating its
excellent multiplicity performance. After 50 CV scans in both
25 mV s and 50 mV s ' in Fig. 3h, the shape and peak
intensity of the CV curves remain stable, with a specific
capacitance retention rate of more than 90%. This also
indicates that the introduction of iron vacancies significantly
improves the cyclic stability of the material. VFO-C were
subjected to continuous cycling of charge and discharge for
60 cycles under current densities of 1 A g* and 2 A g

© 2025 The Author(s). Co-published by the Institute of Process Engineering,
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Remarkably, VFO-C maintained their stability throughout the
testing period. This endurance underscores their robust
electrochemical performance and suggests their potential for
applications requiring long-term cycling durability.

2.3 Desalination performance

Desalination performance of VFO-C and Fe;O,-C under
voltage conditions investigated. Under
constant voltage mode, the electrosorption performance of
VFO-C was evaluated at applied voltages of 1.2, 1.4, and 1.6
V, with both adsorption and desorption durations set to 30
min. As shown in Fig. 4a and S5, the desalination
performance of VFO-C exhibited distinct trends at different
voltage levels. With increasing voltage, the desalination
efficiency of VFO-C was significantly enhanced. However,
within a certain voltage range, the performance
improvement induced by voltage elevation gradually
diminished. At the relatively low voltage of 1.6 V, VFO-C
already demonstrated high desalination efficiency and a
distinct performance advantage over Fe;z0,-C. Although
further enhancement was observed at the higher voltage of
1.8 V (Fig. S4), the incremental gain was relatively limited,
indicating that the performance benefits of increasing
voltage have an upper threshold. The high desalination
efficiency at lower voltages can be attributed to a well-
regulated electrochemical process that facilitates efficient

various were

Ind. Chem. Mater.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5im00117j

Open Access Article. Published on 23 10 2025. Downloaded on 2026-02-24 2:36:01.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Industrial Chemistry & Materials
a» 1020 | | 16 b r
_ ’ 15
o 1010 4 < 60
= - 0.8 > 12 n
O L
S 1000 o< I s I I >
2 & 3 Lo4s @
5 oo & £ 09 I =
= 990 - ) ﬁ I &
© — S z
s < = Q
S 980 o L 0™ Sos s
o O
G 970 - 0.3
o -1.6
960 T T T T T T T 0 o 0
0 100 200 300 400 500 600 12v 14V 16V
Time (min) Applied Voltage (V)
Performance comparison of Fe-C and related CDI electrodes
Current End or
End Gacket CUrrent  Spacer collector Gasket plant & { s
plant collector & S
_\ /— & 9_,; 4 1266
&e °° E 4042
378
407
2888
285
s
\ E 1023
Electrode CEM AEM| AC 0 20 40 60 80 100 120 140

material
Salt Adsorption Capacity (mg g™')

3+

00 0066 ¢o
Zeoo0o0067

»
Me—— e ——
=

Recycle numbers

g 0 20 40 60 80 100 120 140 160 180 200

. a , . . . — . . 120 _

a e e L e e o e et x - . °\°

- S setesBes” - L e - Sagts, - e - ..- e -_.‘-._.-_.' % N—

21980 - % o ‘ : 1 G I 100 g

£ | 1 ‘ | I | 1 3

= 1960 - ‘ | ‘ ‘ % 60 §
I l I 1

2 | R 2

€ 1940 1 ‘ ‘ l | \ ‘ ‘ o0 §

1]

© 120

1920 1

0 1000 2000 3000 4000 5000 6000
Time (min)

Fig. 4 (a) Concentrations responses of VFO-C electrode versus various cut-off voltage; (b) SACs, CEs and ENASs of VFO-C electrode and FezO4-C
electrode at different cut-off voltages; (c) schematic illustrations of CDI devices; (d) performance comparison of VFO-C and related CDI
electrodes;>°%7 (e) different perspectives on microstructure of VFO-C; (f) possible processes in both electrode materials during desalination; (g)
the CDI cycling performances of VFO-C in 1000 mg L™* NaCl at 1.4 V.

ion capture. In contrast, although higher voltages improve  these data (Fig. S5) illustrates the trade-off between energy
ion removal rates, they also exacerbate polarization effects  density and power density.

and electrode kinetics, resulting in increased energy A comparative summary of the desalination performance
consumption.”® The Ragone plot constructed based on  between VFO-C and Fe;0,-C was conducted based on key
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metrics, including salt adsorption capacity (SAC), charge
efficiency (4), and energy-normalized adsorption capacity
(ENAS), as shown in Fig. 4b. Under identical voltage
conditions, VFO-C consistently outperformed Fe;0,-C.
Specifically, at 1.2, 1.4, and 1.6 V, the average SACs of VFO-C
were approximately 75 + 2, 97 + 1, and 126.6 + 2 mg g ',
respectively, compared to 68 + 2, 78 + 2, and 90 + 3 mg g "
for Fe;0,-C. This enhanced performance is attributed to the
presence of iron vacancy defects in VFO-C, which provide
additional active sites, promote superior electrochemical
reactivity, and enhance both the adsorption and desorption
efficiency of Na* ions. Furthermore, the introduction of iron
vacancies reduces the charge transfer resistance of Fe;O,,
enabling faster reaction kinetics and a more rapid
adsorption-desorption process. In terms of charge efficiency
(4), the application of cation-anion exchange membranes
effectively minimized the co-ion effect and mitigated
electrode reversal issues, resulting in satisfactory and
comparable charge efficiency values for both materials. As for
ENAS, VFO-C demonstrated a pronounced advantage, with
values of approximately 0.664 + 0.002, 0.632 + 0.002, and
0.552 + 0.002 mg J ™' at 1.2, 1.4, and 1.6 V, respectively, in
comparison to 0.546 + 0.002, 0.465 + 0.002, and 0.365 + 0.002
mg J ' for Fe;0,-C. These results suggest that although
increasing voltage improves SAC, it also leads to higher
energy consumption. Nonetheless, the superior energy
efficiency of VFO-C across this voltage range highlights its
distinct advantage in  practical applications. The
desalination unit incorporates a carefully designed internal
structure to optimize electrode exposure and electrolyte
transport as show in Fig. 4c. This design helps to achieve
uniform distribution and minimize electrode
polarization, thereby improving desalination efficiency and
cycling stability. To highlight the advantages of VFO-C,
desalination performance with representative CDI electrodes
reported have been compared in recent studies. For
example, Fe/Fe;C@NC delivered 102.3 mg g ™', pre-oxidized
carbon cloth 31.5 mg g and MOF-derived PC/rGO
37.6 mg g ',°° all significantly lower than the 126 mg g
achieved by VFO-C under similar conditions. These results
clearly demonstrate the superiority of vacancy-engineered
Fe;0, integrated with biogas-slurry-derived carbon for high-
efficiency CDI. The desalination mechanisms for this device
also were explored during CDI process, AC located in the
anode portion of the device, because of its high surface area
and porous structure, helps to efficiently electrochemically
adsorb ions from the electrolyte solution, which are
removed by attracting the ions to pores and active sites
during the dis/charging process. Unlike, the carbon layer
located on the surface of VFO-C in the cathode portion of
the device not only serves as a protection for Fe;O, during
dis/charging, but also the presence of iron vacancies
facilitates the redox reactions between Fe*' and Fe?', which
contributes to its electrochemical activity in the CDI process
and affects the electrochemical stability of the electrode,
thus these contributes to its desalination performance. As

current
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shown in Fig. 4g, the electrode retained over 99% compared
with initial desalination capacity after 200 consecutive
cycles, exhibiting only a slight performance decay. This high
retention clearly demonstrates the excellent regeneration
ability and cycling stability of the composite. The
remarkable stability can be attributed to the synergistic
effects of iron-vacancy-enriched Fe;O,, which provides
abundant intercalation-active sites with robust charge
transfer capability, and the mesoporous carbon matrix
derived from biogas slurry, which buffers the structural
strain and enhances electronic conductivity.

2.4 Sodium removal mechanism analysis

To further elucidate the origin of VFO-C's enhanced Na'
removal efficiency, DFT calculations were performed on both
Fe;0,-C and VFO-C using the optimized theoretical model.
Differential charge density maps were generated, where
yellow regions indicate charge accumulation and green
regions indicate charge depletion. As shown in Fig. 5d and e,
the overall differential charge distributions for Na" adsorbed
on Fe;04-C and VFO-C are comparable, means that charge-
transfer process exhibits a near balance in both the
magnitude and direction of electron gain and loss. On the
one hand, the increase in vacancies does not fundamentally
change the reaction mechanism between Na® and the
mesoporous carbon. However, the increased vacancy
concentration modifies the Fe;O,—carbon interfacial
interaction, which in turn changes the net charge transferred
to the Na' ion.

The calculated adsorption energies (Fig. 5c) further
support this conclusion: VFO-C exhibits an Na' adsorption
energy of —0.53 eV, whereas Fe;0,-C binds Na" more strongly
with an adsorption energy of —1.12 eV. Although the lower
adsorption energy indicates weaker Na' binding, it
simultaneously implies faster desorption kinetics and
reduced energy barriers for ion release, which are critical for
efficient electrosorption cycling. This interpretation is
consistent with the migration energy barrier analysis (Fig. 5f),
showing that VFO-C enables smoother Na' transport across
the electrode-electrolyte interface. Such a balance between
moderate adsorption strength and facile desorption is
essential for achieving high desalination capacity while
maintaining superior reversibility, long-term stability, and
energy efficiency in CDI operation.

3 Economic benefit evaluation

Compared to direct land application and biological
treatment, biogas-slurry nutrient recovery via CDI process
was significant dominance in economic benefits and carbon
reduction. The economic benefit was negative at $3.01 per
m?® and carbon emission was at 10.79 kg CO, m™ based
direct land application of biogass-slurry.>® The economic
benefit exhibited negatively at $7.68 per m® and carbon
emission is achieved to 1.62 kg CO, m™ based biological
treatment, because the energy-intense nutrient removal also
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(a) and (b) Adsorption model of Fes0,4-C and VFO-C surface adsorption of Na*; (c) adsorption energy for different Na* adsorbed sites

Fez04-C and VFO-C; (d) and (e) changes in electron density during the adsorption of Na* in Fez0,4-C and VFO-C are indicated by green and yellow
colors, representing reductions and increases, respectively; (f) migration energy barriers of Na* in Fes0,4-C and VFO-C based on DFT calculations.

contributes to greenhouse gas emission of 0.9 kg CO, per kg
N of treated wastewater based on biogas-slurry storage and
farmland irrigation.®°

For seawater desalination, costs depend on the technology
employed, with reverse osmosis being one of the most
commonly used methods. Recent estimates indicate that the
operational cost of seawater reverse osmosis (SWRO)
desalination ranges from $0.50 to $3.00 per m>,°* depending
on the energy source and system efficiency. In high-salinity
regions, such as the Arabian Gulf, the total dissolved solids
(TDS) in the water are higher, leading to increased energy
consumption and thus higher desalination costs. The
combined use of biogas-slurry can effectively reduce
operational costs, as it represents a reutilization of waste
resources while simultaneously enhancing the environmental
sustainability of processes such as seawater desalination or
ion removal.

4 Conclusions

In this study, iron-vacancy Fe;O, carbon composites were
successfully prepared through an alkali etching and
calcination  process, exhibiting stable desalination

Ind. Chem. Mater.

properties. The strategy of introducing vacancies facilitated
the rapid transfer of electrons and ions while increasing
the exposure and utilization of more active sites.
Furthermore, the incorporation of biogas slurry, an
anaerobic fermentation byproduct, as the carbon source not
only enhanced the electrochemical activity and
environmental stability of the material during desalination
tests, but also significantly reduced system costs by
utilizing a “waste-to-waste” approach, wherein agricultural
residual waste was employed for wastewater treatment. The
results demonstrate that VFO-C exhibits excellent
deionization performance, with an ion adsorption capacity
of 126.6 mg ¢ at 1.6 V, and a capacity retention rate of
over 99% after 200 cycles-outperforming previously reported
CDI electrodes in both desalination capacity and cycle
stability. In future work, this strategy could be leveraged as
a selective pre-concentration step for subsequent valuable
mineral extraction. This aligns perfectly with the emerging
paradigm of transitioning desalination from a mere water
purification process to a sustainable resource recovery
platform.®> This study provides a valuable reference for
enhancing energy storage and environmental remediation
technologies.
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5 Experimental
5.1 Fabrication of the VFO-C electrode

A 3:1 molar mixture of Fe(NO3);-5H,0 (1.51 g, 3 mmol) and
Al(NO3);3-9H,0 (0.80 g, 3 mmol), along with urea (1.00 g, 16.7
mmol), was added dropwise to 100 ml biogas slurry over 10
min. During the addition and subsequent 12 h of stirring (25
°C, 300 rpm), biogas slurry was maintained to promote
uniform adsorption of Fe’"/Al*'-urea complexes onto
biomass particulates and facilitate in situ precipitation of
metal hydroxides. It was transferred to the reaction kettle at
hydrothermal 120 °C for 12 h. In the reaction, the
decomposition of urea generates NH; and CO,, NH; can form
hydroxides with metal ions, and the organic components of
biomass undergo a partial rearrangement, resulting in
hydrothermal carbon, which is rich in metal hydroxides. The
product was washed with deionized water and repeatedly
centrifuged at 8000 rpm min~"' for 10 min until pH 7-8, and
then dried in an oven at 60 °C.

For alkali activation, the dried precursor was mixed with
NaOH under grinding and placed in an argon atmosphere
tube furnace at 600 °C, 5 °C min ' and annealed for 3 h. This
process, on the one hand, carbonises the biomass into a
carbonaceous skeleton, and on the other hand, NaOH etches
the carbon framework and opens up a large number of
mesopores at high temperatures. Residual inorganic species
were removed by washing with 1 M HCI to neutral pH, the
material was dried at 100 °C for 6 h, yielding the final
mesoporous cation Fe;0,-decorated carbon
composite (denoted VFO-C). A control sample (Fe;0,-C) was
prepared using an identical procedure but omitting
Al(NO;);3-9H,0 and the NaOH impregnation step.

vacancies

5.2 Electrochemical performance evaluation and
characterization

The electrochemical properties of VFO-C were evaluated
using cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) in
a three-electrode cell configuration. EC-lab (biological SP-300)
was used for all electrochemical measurements. CV scans
were performed in a potential range of -0.6 V to 0.6 V vs.
saturated calomel electrode (SCE) at a scan rate of 50 mV s .
GCD tests were conducted at a current density of 1 to 10 A
g over a potential window suitable for energy storage
evaluation. EIS measurements were conducted over a
frequency range of 0.01 Hz to 100 kHz with an AC voltage
amplitude of 10 mV.

Surface elemental composition and oxidation states were
analyzed on a Thermo Scientific ESCALAB 250Xi
spectrometer using a monochromatic Al Ko X-ray source (hv
= 1486.6 eV) at 15 kV and 20 mA. Scanning Electron
Microscopy (SEM) and SAED morphological analysis were
performed on a JEOL JSM-IT500 SEM operated at 5-15 kV.
Secondary-electron (SE) mode was used to capture surface
topography, while back-scattered electron (BSE) mode
provided compositional contrast. Transmission Electron
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Microscopy (TEM) and High-Resolution TEM (HRTEM). The
instrument model used in this study was JEOL JEM-2100Plus
from Japan, and Digital Micrograph (DM) software was used
to analyze and process the TEM image test results.

5.3 Desalination performance testing

VFO-C and activated carbon were prepared by uniformly
coating onto a graphite carbon paper (GCP) current collector.
The desalination setup was a custom-built MCDI unit
featuring a 4 cm x 4 cm cell, in which the cell compartments
and electrodes were separated by cation- and anion-exchange
membranes, respectively. VFO-C coated GCP as the cathode,
activated carbon coated GCP as the anode (loaded with
approximately 15-20 mg and had a thickness of 100 pum),
respectively. NaCl solutions (1000 mg L) were passed
through the CDI cell at a flow rate of 15 mL min™" using a
peristaltic pump. The salt removal efficiency and capacitive
behavior of the CDI cell were subjected to cycling charge-
discharge operations at varying voltages offered by DC power
supply, and data recorded by Mettler conductivity meter.
Testing procedures and data processing for desalination
performance are discussed in the section on SI.

5.4 Density functional theory calculations

the DFT as implemented in the Vienna Ab initio Simulation
Package (VASP) in all calculations. The exchange-correlation
potential is described by using the generalized gradient
approximation of Perdew-Burke-Ernzerhof (GGA-PBE). The
projector augmented-wave (PAW) method is employed to treat
interactions between ion cores and valence electrons. The
plane-wave cutoff energy was fixed to 400 eV. Given structural
models were relaxed until the Hellmann-Feynman forces
smaller than —0.02 eV A and the change in energy smaller
than 107 eV was attained. The vacuum thickness was set to
be 25 A to minimize interlayer interactions. During the
relaxation, the Brillouin zone was represented by a I” centered
k-point grid of 1 x 1 x 1. Grimme's DFT-D3 methodology was
used to describe the dispersion interactions among all the
atoms in adsorption models.
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