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Mesoporous nanospheres coated with 2D Boehmite nanosheets
were synthesized. The hierarchical ion-transport networks within
this engineered structure facilitate efficient Na* transport. The
optimized composite exhibits a high salt adsorption capacity (131.3
mg g™, 1.2 V) and good regenerative stability (93.5%). Advances
composite materials design for desalination technologies.

The increasing energy shortage and growing need for
freshwater have made seawater desalination a key research
topic.v 2 Capacitive deionization (CDI) is a sustainable solution
owing to its low energy consumption and regeneration
efficiency. Conventional carbon electrodes for CDI application
are hindered by sluggish ion transport.? Various hierarchical
porous materials with tailored architectures have been
developed to enhance ion accessibility.* > Polydopamine (PDA)—
derived mesoporous carbons feature hierarchical porosity and
excellent stability. However, it still suffers from interfacial
kinetic barriers.® 7 Ultrathin alumina-modified composites have
been found to enhance ion-transport rates while preserving
substrate stability.® ° Herein, ultrathin boehmite nanosheet-
coated PDA composites are synthesized via hydrothermal
deposition and carbonization. Trimesic acid (BTC) and
aluminum precursor ratios were adjusted to precisely control
the boehmite thickness. This adjustment could generate
permeable channels that accelerate Na* migration.10

Highly uniform mesoporous PDA nanospheres (mesoPDA-
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F127) were synthesized through 1,3,5-trimethylbenzene-
mediated interfacial interactions between Pluronic F127 and
dopamine.’> A one-pot hydrothermal process was used to
integrate a thickness-tunable boehmite coated on the precursor
mesoPDA-F127. This process involved systematically regulating
the contents of BTC and aluminum precursors to achieve
homogeneous coating on the PDA nanospheres. The resulting
composites are designated as mesoPDA-F127/AIO(OH)-x,
where x represents different precursor ratios (Tab. S1, ESIT).
The composite precursor was calcined at 700 °C, producing N-
doped porous carbon nanospheres coated with Al,O3
nanosheet (mesoPDA-F127/AIO(OH)-x-700) (Fig. 1a).
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Fig. 1 (a) Synthesis scheme. SEM images of (b) mesoPDA-F127,
(c) mesoPDA-F127/AIO(OH)-1, (d) mesoPDA-F127/AIO(OH)-2,
and (e) mesoPDA-F127/AIO(OH)-3. TEM images of (f, g)
mesoPDA-F127 and (h, i) mesoPDA-F127/AIO(OH)-2. (j)
Elemental mapping of mesoPDA-F127/AI0(OH)-2.
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The surface microstructures of mesoPDA-F127 and
composites mesoPDA-F127/AI0(OH)-x has been studied using
scanning electron microscopy (SEM). The mesoPDA-F127
nanospheres exhibit uniform porous architecture with well-
defined spherical morphology (Fig. 1b). A distinct nanosheet
grows on the surface of mesoPDA-F127/AIO(0OH)-x
nanospheres, and the thickness of the nanosheet changes
significantly with different precursor ratios increase (Fig. 1c-1e
and Fig. S1, ESIt). The morphology of the synthesized
nanospheres was further analyzed using transmission electron
microscopy (TEM) (Fig. 1f-1i and Fig. S2, ESIt). The
monodisperse nanospheres with an average diameter of 140
nm were observed. The mesoPDA-F127/AIO0(0OH)-2
nanospheres featured a uniformly distributed boehmite layer
with an optimal thickness. In the absence of BTC, sporadic flake-
like deposits appeared on the nanosphere surfaces. In contrast,
it can be found that excessive BTC concentrations induced
undesirable nanosheet thickening.

High-resolution  transmission electron  microscopy
(HRTEM) of mesoPDA-F127/AIO(OH)-2 (Fig. S3, ESIT) revealed
that the nanosheets on the mesoporous spheres possess a 2D
morphology without discernible lattice fringes. Morphological
characterization of calcined mesoPDA-F127-700 and mesoPDA-
F127/AI0(0OH)-2-700 was also performed (Fig. S4, ESIt).
Significant morphological evolution was observed in mesoPDA-
F127-700, characterized by nanosphere shrinkage and localized
aggregation. This phenomenon is most likely attributed to
solvent evaporation and subsequent cross-linking reactions,
which collectively induce the framework contraction.!? The
mesoPDA-F127/AI0(0OH)-2-700 composite also exhibited a
noticeable degree of size contraction compared to its precursor.
The EDS elemental mapping analysis of mesoPDA-
F127/AIO(0OH)-2 (Fig. 1j) reveals the homogeneous distribution
of carbon, oxygen, and nitrogen across the nanospheres. Al
species come from the surface-loaded thin nanosheet
architecture. These results confirm the successful integration of
nanosheet structures onto PDA nanosphere surfaces.

X-ray diffraction (XRD) analysis of mesoPDA-F127 and
mesoPDA-F127/AI0(OH)-x (Fig. 2a) revealed a broad peak
centered at 20 around 23°, characteristic of disordered carbon
structures typically observed in PDA-derived materials.'® The
progressive enhancement of aluminum precursor content
induced intensified characteristic  diffraction peaks
corresponding to the orthorhombic AIO(OH) phase (JCPDS card
No0.83-2384). The peak locations are observed at 26 around
14.49°, 28.21°, 38.36°, and 48.94°, which were systematically
indexed to the (020), (120), (031), and (051) crystallographic
planes, respectively. The analysis showed clear changes in the
crystal structure caused by heating (Fig. S5a, ESIT). Two
diffraction peaks located at 20 around 24° and 43° of mesoPDA-
F127-700 are identified as typical (002) and (100) diffraction
peaks of amorphous carbon framework.'* For mesoPDA-
F127/AIO(0OH)-2-700, in addition to a carbon peak at 24.06°,
there are two peaks near 45.91° and 66.95°, belonging to the
(200) and (220) crystal planes, respectively. This is consistent
with the cubic crystalline structure of (Al,03);.333 (JCPDS card
No0.75-0921).
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The pore structures of mesoPDA-F127 ang. mesePRAs
F127/AIO(OH)-2 were systematically an8f/séd1EingspittEEeh
adsorption-desorption measurements (Fig. 2b). Both materials
exhibited type IV isotherms, indicative of well-developed
mesoporous structures. Remarkably, mesoPDA-F127/AIO0(OH)-
2 demonstrated a substantially enhanced specific surface area
of 112.47 m? g* compared to pristine mesoPDA-F127 (42.16 m?
g') (Fig. S5b and Tab. S2, ESIT), such an increase could be
associated with the formation of boehmite nanosheet coatings
on the nanospheres surface.’> Importantly, mesoPDA-
F127/AIO0(OH)-2 showed a smaller average pore size. This
confirms that boehmite incorporation induced pore
contraction. Thermogravimetric analysis (TGA) profiling
substantiates the decomposition of the polymeric template
(Pluronic F127) below 400 °C.'* At 700 °C, mesoPDA-F127
retains about 51.69% of its carbon content (Fig. 2c). The
carbonization efficiency of mesoPDA-F127/AI0(0OH)-2 (61.33%)
is higher than that of mesoPDA-F127, indicating better
structural stability during thermal processing. Fourier transform
infrared (FT-IR) analysis (Fig. 2d) revealed the disappearance of
specific functional groups in mesoPDA-F127 following
composite formation. Peaks observed at 480, 631, 1065, and
1638 cm were attributed to newly formed AIO(OH) structural
features,'” while the 1485 cm™ peak corresponded to benzene
ring stretching vibrations.'® 1° These spectral changes confirm
the successful synthesis of the composite material.
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Fig. 2 (a) XRD patterns. (b) N, adsorption/desorption isotherms.
(c) TGA curves under N, flow (10 °C mint). (d) FT-IR spectra.
High-resolution XPS spectra of mesoPDA-F127/AI0(OH)-2: (e) N
1s and (f) Al 2p.

X-ray photoelectron spectroscopy (XPS) confirmed the
elemental composition and chemical states in mesoPDA-F127
and mesoPDA-F127/AIO0(OH)-2 (Fig. 2e-2f and Fig. S6, ESIT). The
survey spectrum of mesoPDA-F127 reveals C, O, and N signals
with no impurities. The C 1s spectra for both materials
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deconvolute to three components: C-C, C-N/C-O, and O-C=0.
Similarly, N 1s spectra display three distinct states (-N=, -NH-,
and -NH,),2° while O 1s spectra show contributions from C=0
and C-O bonds. Notably, mesoPDA-F127/AIO(OH)-2 exhibits
additional Al 2p peaks which can be ascribed to the Al-O bond.?
22 Composite formation induces a positive shift in N 1s and a
negative shift in O 1s binding energies, indicating a modified
coordination environment (Tab. S3, ESIt). These results
highlight the successful integration of the Al-O bond into the
carbon framework, enhancing interfacial interactions.
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Fig. 3 CDI performance at 1.2 V (10 mM NacCl): (a) Deionization
capacity. (b) GCD curves (1 M NacCl). (c) Linear fitting of the
charging process. (d) EIS plots. (e) Na* diffusion coefficient. (f)
Desalination regeneration cycling.

To systematically evaluate desalination performance, CDI
experiments were performed on mesoPDA-F127-700 and

mesoPDA-F127/AIO0(0OH)-2-700 under controlled
electrochemical conditions (Fig. 3a). The mesoPDA-
F127/AI0(OH)-2-700 electrode exhibited a substantially

enhanced salt adsorption capacity (SAC) of 131.3 mg g! at the
voltage of 1.2 V, representing a 71.6% improvement over the
pristine mesoPDA-F127-700 electrode (76.5 mg g?). This
improvement shows that nanosheet structure design plays a
key role in enhancing CDI efficiency. Systematic evaluation of
voltage-dependent behavior revealed that the mesoPDA-
F127/AI0(OH)-2-700 composite maintained a SAC of 75.9 mg g
1 at 0.9 V, attaining equality with the mesoPDA-F127-700
baseline performance at 1.2 V. This demonstrates that
mesoPDA-F127/AIO(0OH)-2-700 can retain high desalination
capacity under reduced voltage, a critical factor for lowering
energy consumption in practical CDI applications.?3 Besides, the
SAC of mesoPDA-F127/AlI0(0OH)-2-700 electrode (131.3 mg g't)
is notably higher than that of previously reported PDA-derived
composites (12.95 mg g'1) (Tab. S4, ESIt). From the Ragone plots
of the CDI system (Fig. S7, ESIT), it can be found that the

This journal is © The Royal Society of Chemistry 20xx

ChemComm

mesoPDA-F127/AIO0(0OH)-2-700 showed bettey.,, desalting
capability than mesoPDA-F127-700. To fiPthEér iR9éstigatecais
electrochemical characteristics of the materials, cyclic
voltammetry (CV) measurements were conducted using a
three-electrode system (Fig. S8, ESIt). Within the applied
potential, the mesoPDA-F127/AIO(OH)-2-700 electrode
demonstrated favorable capacitive behavior without distinct
redox peaks. A comparative analysis of the CV curves showed
that mesoPDA-F127/AI0O(0OH)-2-700 exhibited a significantly
larger enclosed area than its pristine counterpart, suggesting
superior charge storage performance.?*26 The charge-discharge
characteristics of the three-electrode system were
systematically investigated across varying current densities (Fig.
3b and Fig. S9, ESIT). The discharge duration of the electrode
exhibits a positive correlation with its specific capacitance (Eqg.
S1, ESIt). At 1 A g7, the mesoPDA-F127/AIO(OH)-2-700
electrode exhibited an extended discharge time of 135 s
compared to mesoPDA-F127-700 (99 s), indicating accelerated
ion storage and release kinetics. The mesoPDA-F127/AIO(OH)-
2-700 electrode also kept high specific capacitance at different
current densities. These results are consistent with the CV
measurements.

Linear analysis of the charging process yielded a
characteristic b-value of 0.79 for the mesoPDA-F127/AIO(OH)-
2-700 electrode (Eq. S2-3, ESIt). This suggests a hybrid charge
storage mechanism driven by the synergistic contributions of
diffusion-controlled ion transport and surface-induced
capacitive processes (Fig. 3c). In contrast, the pristine
mesoPDA-F127-700 electrode demonstrated b-values closer to
0.5 across various scan rates, indicating a predominantly
diffusion-controlled charge storage mechanism governed by ion
intercalation dynamics.?’” The relative percentages of pseudo-
capacitive and diffusion-controlled contributions were
quantified (Eq. S4-5, ESIt). At a scan rate of 100 mV s™, the
mesoPDA-F127/AI0(0OH)-2-700 electrode exhibited a capacitive
contribution of 64.79%, notably higher than that of the pristine
mesoPDA-F127-700 electrode (42.22%) (Fig. S10, ESIt). Charge
transfer kinetics at the electrode-electrolyte interface were
analyzed using electrochemical impedance spectroscopy (EIS).
The mesoPDA-F127/AIO(OH)-2-700 electrode exhibited a near-
vertical shape in the Nyquist plot (Fig. 3d), indicating a rapid ion
diffusion kinetics and ideal capacitive behavior.?® It exhibited a
lower charge transfer resistance (4.75 Q) compared to the
pristine electrode (6.67 Q) (Table S5, ESIT). Sodium ion diffusion
coefficients (Dy,*) and diffusion resistances (¢) were calculated
through Nyquist curve fitting (Eq. S6-7, ESIt). Remarkably,
mesoPDA-F127/AI0(0OH)-2-700 demonstrated a lower diffusion
resistance (6.68 Q) and higher sodium ion diffusivity (7.94 x 10
10 ¢cm? s1) compared to mesoPDA-F127-700 (8.57 Q, 4.82 x 10
10 ¢cm? s1) (Fig. 3e). These comprehensive analyses confirm the
reversible and rapid Na* storage capability of mesoPDA-
F127/AIO(0OH)-2-700 electrode (Table S6, ESIt). Systematic
cycling tests were conducted to evaluate the material's
desalination stability (Fig. 3f). The composite retained an
adsorption capacity of 120.1 mg g?! after 15 cycles. This
corresponds to 93.5% retention of its initial value, indicating
good cycling durability for CDI applications.

J. Name., 2013, 00, 1-3 | 3
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DFT calculations were performed to evaluate Na*
adsorption on N-doped graphene and alumina models (Fig. S11,
ESIT). Besides, charge density maps visualize electron
redistribution during adsorption (Fig. 4a-b). It can be found that
the model of alumina (-3.60 eV) has much lower adsorption
energy than N-doped graphene (-0.90 eV) (Fig. 4c and Eq. S8,
ESIT), which indicates that alumina material has a better
thermodynamic adsorption capacity for Na*.?° It can be seen
that loading alumina nanosheets significantly enhances Na*

adsorption on N-doped mesoporous carbon.
(@ (b) (c) - T

bR b
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o
&
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Fig. 4 Charge density difference for Na* adsorption on (a) N-
doped graphene and (b) alumina (cubic). (c) Energy difference
of Na* adsorption in different models.

In summary, a facile synthesis of mesoporous carbon
nanospheres with tunable 2D boehmite coatings is achieved via
controlled precursor ratios. The composite exhibits an
increased specific surface area and synergistic Al,Os-carbon
interfacial interactions. The optimized mesoPDA-
F127/AI0(0OH)-2-700 electrode delivers a good desalination
capacity of 131.3 mg g (1.2 V) while retaining 93.5% capacity
over regeneration cycling. Theoretical calculations reveal that
the layer of alumina nanosheet significantly enhances Na*
adsorption in N-doped carbon frameworks. This study advances
composite  materials design toward next-generation
desalination materials.
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