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ARTICLE INFO ABSTRACT

Keywords: Molybdenum (Mo) emerges both an industrial contaminant and valuable recyclable resources. A Co-enriched
Molybdate carbon polyhedron (CoCRD) was synthesized for Mo recovery in an electrosorption system. The effective surface
Electrosorption

area and dispersion of CoO/Co nanoparticles embedded in mesoporous carbon frameworks were significantly
enhanced through pyrolysis of an imidazolate precursor. The catalytic transformation of cobalt oxides contrib-
uted to pseudocapacitance, which remarkably increased the adsorption capacity for molybdate oxyanions.
Raman spectroscopy and free energy calculations revealed that the anodization-induced CoO-to-Co304 redox
reaction promoted molybdate adsorption via monodentate complexation. The reversibility of CoO sites within
carbon texture enabled rapid Mo desorption upon potential reversal, facilitating electrode regeneration. Under
an applied potential of +1.0 V (vs. RHE) at neutral pH, CoCRD(700) achieved maximum Mo adsorption capacity,
as evaluated by a multilayer isotherm model. COCRD(700) exhibited high stability in cycling molybdate elec-

Imidazole frameworks
Faradaic charge transfer
Co anodization

trosorption, with strong selectivity over commons anions present in real water samples.

1. Introduction

Molybdenum (Mo) is an essential trace mineral for plant growth and
microbial metabolism. In surface and groundwater, Mo concentrations
typically remain below 5 pg L~! [1]. However, industrial activities such
as metallurgy, plating, and the production of flame retardants, pigment,
and semiconductors can introduce Mo contaminants into the environ-
ment [2]. Excessive Mo intake can lead to health issues in humans,
including anemia, gastrointestinal disturbances, hypothyroidism, and
bone and joint deformities, etc. [3] The World Health Organization
(WHO) recommends a maximum level of 70 pg-Mo L™! in drinking water
[4]. Industrial effluent regulations strictly limit Mo discharge to below
0.6 mg L' in Taiwan. Mo primarily occurs in water as hexavalent
molybdate oxyanions (MoO3 "), which are not easily removed by con-
ventional hydroxide precipitation in wastewater treatment plants. Cur-
rent methods for the removal of oxyanions are ion exchange and
membrane techniques [5,6], while they are limited by challenges of
clogging, fouling, and high costs in regeneration and secondary waste
disposal. Molybdate predominantly exists as the divalent anion MoO7~
at pH levels above 4 (with acidic constants of pK,; = 3.6, pKaa = 3.7), as
shown in Fig. S1. At higher concentrations (> 1075 M) and low pH (< 2),
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multinuclear complexes such as Mo; og; and Mog O‘Z‘g can form [7]. As a
result, electrostatic attraction-based adsorption is deemed as a fast and
effective method for removing these oxyanions. Reported molybdate
sorbents include metal oxides [8,9], clay minerals [10,11], and acti-
vated carbon [12,13]. Since molybdate remains negatively charged
across a broad pH range, modifying sorbent surface functional groups is
often necessary to enhance adsorption capacity [14].

Electrosorption, the core mechanism behind capacitive deionization
(CDI) process, has gained attention as an energy- and cost-effective
method for removing ionic pollutants [15]. The ideally polarizable
electrode functions as an electrical capacitor, where counter ions are
electrostatically stored within the electrical double-layer (EDL). Ions are
captured and released through a simple charging/discharging cycle
[16]. When the applied bias is terminated or reversed, the electrode
surface is immediately refreshed, recovering the ions in the concentrate.
CDI systems commonly utilize carbon-based materials such as activated
carbon, carbon fibers, graphene oxide, carbon dots, and Metal organic
frameworks (MOFs) [17-19], owing to their high specific surface area,
ranging from hundreds to thousands of m? g! (as measured by Ny
adsorption). However, porous carbons may not demonstrate uniform
affinity for all ionic species. The surface charge of pristine carbons is
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typically negative due to inherent functional groups, which asymmet-
rically limits their ability to adsorb anions, even under positive polarity
conditions [20]. To augment the treatability of oxyanions, carbon
electrodes are generally modified with metals or metal oxides. Under
specific electrode potentials, the catalytic phase transformation of metal
species introduces additional surface charges, contributing to pseudo-
capacitance [21]. However, the dispersity and uniformity of these active
sites are crucial in determining the electrochemical surface area (ECSA)
and overall electrosorption performance.

The MOFs are 3D coordination polymers composed of metal ions and
organic linkers arranged in crystalline architectures. MOFs recently
emerge as a new class of electrode materials with electrical capacitances
that surpass those of traditional materials [22]. MOFs also serve as
excellent precursors for the synthesis of metal, metal oxide and carbon
composite with long-range structural ordering [23]. Zeolitic imidazolate
frameworks (ZIFs), a subclass of MOFs, consist of transition metal ions
(Zn?*, Co®", Fe?*, and Cu?*) and imidazole ligands. In ZIFs, metal ions
occupy the lattice sites analogous to silicon in zeolites, with oxygen
replaced by imidazole anions. Metal ions act as Lewis acids, coordi-
nating with the aza- and amine-nitrogen atoms of the heterocyclic ring,
forming complex polyhedral structures. The particle size of pristine ZIFs
typically ranged from the micrometer scale to several hundred nano-
meters, depending on the solvothermal synthesis conditions. However,
upon carbonization under a reduced atmosphere, ZIFs are promising
materials for producing highly dispersed metal species — ranging from
single atoms to nanometer-sized particles — within a porous, N-enriched
carbon matrix [24,25]. In this investigation, a CoZIF with cetyl-
trimethylammonium bromide (CTAB) template and its derived Co-
enriched carbon rhombic dodecahedron (CoCRD) were synthesized.
This study represents the first attempt to recover Mo from solution using
an electrosorption system. The novelty lies in the magnified adsorption
capacity of the mesoporous CoCRD, where in-situ embedded Co oxides
facilitate effective Mo adsorption. The improved dispersity of Co sites
within the carbon matrix modulates the pH-dependent surface charges
of the working electrode. Co conversion to CoO and Co30;4 is anticipated
to catalytically boost Mo adsorption at elevated potentials. Key char-
acteristics of CoCRD, including ECSA, charge efficiency, impedance, and
surface potential, were tuned through the pyrolysis. Under constant
applied potentials, Mo adsorption was demonstrated in a membrane CDI
kit, where adsorption kinetics, selectivity, cycling stability, and the ef-
fects of pH and water matrix composition on performance are evaluated.

2. Experimental section

Detailed methodology, including chemical regents, preparation
procedures, characterization techniques, and measurement protocols, is
provided in Supporting Information S2. The schematic representation of
CoZIF/CTAB and CoCRD synthesis is shown in Scheme 1. Batch elec-
trosorption experiments, using ammonium molybdate tetrahydrate
((NH4)6Mo702404H>0, Honeywell Fluka) as the Mo source, were con-
ducted in a membrane CDI cell, fabricated from polymethyl
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methacrylate (PMMA), as illustrated in Fig. S2.
3. Results and discussion
3.1. Characterization

As shown in Fig. 1la, the inclusion of CTAB surfactant during the
solvothermal process appears to constrain crystal growth, resulting in
smaller average size of 200 nm, compared to conventional ZIF-67 [26].
The inset SEM confirms an average diameter of around 2 pm for CoZIF
particles prepared in the absence of surfactant. The synthesized CoZIF/
CTAB also exhibits more defined single grains with a rhombic dodeca-
hedron crystal habit, which is attributed to the template effect of the
surfactants on the growth of the MOF structure. Upon pyrolysis, Fig. 1b
indicates that the CoZIF/CTAB crystal structure undergoes moderate
shrinkage after 500 °C heating. Additionally, Co?* nodes in the lattice
recrystallize as Co metal uniformly distributed over the carbonized
surfaces (i.e., CoCRD(500)), as observed under higher-magnification
TEM in Fig. 1c. The inset selected-area electron diffraction (SAED) re-
veals a hexagonal pattern, signifying retained polyhedral structure.
Further increasing temperature to 700 °C (Fig. 1d), these Co crystallites
grow into nanoclusters. Atomic ratios of C, N, O, and Co in CoZIF/CTAB
are 52.3%, 1.9%, 34.4%, and 11.4%, respectively. Notably, pyrolysis
under an N gas flow promotes N inclusion in CoOCRD(500). The earlier
release of O compared to N may transiently increase the relative N
percentage at intermediate temperatures However, a notable reduction
in O (3.2%) and N (1.2%) contents in CoCRD(700) due to volatilization,
alongside an increase in C (87.8%), reflects the progressive carboniza-
tion of ZIF polymers into inorganic carbons [23]. The average particle
diameter of Co reaches around 10 nm, embedded in the carbon matrix of
CoCRD(700) (Fig. 1e). SAED recorded from the Co particles displays
clear concentric rings, confirming their polycrystalline nature. The
mixed lattice pattern in Fig. 1f demonstrates a d-spacing of 0.204 nm
orientated in (1 1 1) plane for Co metal [27], surrounded by the laminar
(0 0 2) plane of carbon with a basal spacing of 0.34 nm at the particle
fringes. Elemental mappings in Fig. 1g show highly dispersed C and N
signals throughout CoCRD(700). Meanwhile, O signals are particularly
localized around the Co clusters, indicating partial oxidation of Co on
the metallic cores (Fig. S3a).

The effect of pyrolysis on the crystal structure of CoCRD is analyzed
by X-ray diffraction, as shown in Fig. 2a. The XRD pattern of the CoZIF/
CTAB resembles that of a typical ZIF-67 sample [28], which remains
stable at temperatures below 400 °C. Characteristic peaks of CoZIF
disappear as the temperature rises above 500 °C, confirming the com-
plete decomposition of the imidazole compound into amorphous car-
bon. A gradually evolved peak at 20 = 26.2° corresponds to the
formation of graphitic (0 0 2) plane in carbon (Hexagonal, P63mc(186))
[29]. Concurrently, serial planes of Co metal (Cubic, Fm3m(225)),
including (1 1 1), (2 0 0), and (2 2 0) at 44.2°, 52°, and 76.3°, respec-
tively [30], become sharper with increasing temperature. These crys-
tallized structures demonstrate that Co®" ions chelated in the
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Scheme 1. Procedure of synthesizing CoZIF/CTAB and CoCRD.
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Fig. 1. (a) SEM image of CoZIF/CTAB. (b) SEM and (c) TEM analyses of CoCRD(500); (d) SEM and (e) TEM analyses of CoCRD(700) with (f) Co NPs embedded in the

carbon matrix under HRTEM observation. (g) Elemental mappings for COCRD(700).

polymerized framework are transformed into a composite, with Co
metal incorporated into the carbon skeleton. Thermogravimetric anal-
ysis (TGA) of CoZIF/CTAB in Fig. 2b indicates a sharp weight drop
beginning above 400 °C, with the maximal derivative of mass loss
occurring at 500 °C. The total mass loss reaches around 60% within the
temperature range of 450-700 °C. This thermal behavior signifies the
extent of imidazole carbonization, during which the transformation of
CoZIF into Co metal/oxide embedded in a carbon matrix takes place, as
observed from XRD analysis.

The BET-specific surface area (S.S.A.) of CoZIF/CTAB reaches 1227
m? g}, as determined by N, adsorption in Fig. 2c. This value slightly
decreases to 1050 m? g ! after heating to 400 °C, but drops to 69 m? g~}
at 500 °C. The sharp decline in S.S.A. is attributed to the decomposition
of the 3D organic linkers, as observed on XRD analysis, indicating that
the imidazolate crystallinity primarily contributes to the high porosity of
CoZIF. Based on the adsorption isotherms, the original CoZIF/CTAB
displays a predominantly microporous nature. In contrast, the emer-
gence of an H4-type hysteresis loop (IUPAC classification) indicates the
development of mesoporous carbon in CoCRD [31], despite a reduction
in overall surface area. Further elevating temperature maximizes the S.
S.A. of pyrolyzed carbon to 281 m? g1 for COCRD(700). The pore size
distribution in Fig. 2d shows an average size of 2.2 nm for CoZIF/CTAB,
which evolves into a bimodal distribution in CoCRD(700), featuring
mesopores of 5.4 nm and macropores of approximately 100 nm [32].
This pore expansion can be explained by the pillaring effect of Co oxides
that nucleated, grew, and intercalated in-situ within the carbon texture
during carbonization. (As shown in Fig. S3b, CoZIF exhibits a similar
specific surface area but a higher proportion of macropores, compared to

CoZIF/CTAB, highlighting the influence of CTAB additive.) Raman
spectra provide insights into the transition of functional groups during
pyrolysis at varied temperatures, as shown in Fig. 2e. The evolution of
the carbon structure is evidenced by the two characteristic vibrations of
disorder sp®-hybrid defects (D) at 1302 cm™! and sp>-hybrid graphitic
structure (G) at 1571 cm ! [33]. The relative intensity of Ip/Ig increases
from 1.26 to 1.92 as the temperature rises from 400 to 700 °C, indexing
greater disorder in the carbon lattice. A decrease in Ip/Ig (1.25) at
800 °C suggests the onset of graphitization in CoCRD at higher tem-
perature. On the other hand, vibrations of cobalt oxide, identified with
broad bands at 515 and 683 cm ™ for fce-CoO [341, occur at tempera-
tures above 600 °C. This result aligns with the elemental mapping,
which confirms the formation of a partially oxidized layer around the Co
cores.

Fig. 2f displays the full XPS spectra of the derived CoCRD, with
binding energies around 285, 400, 530, and 780 eV for quantifying C 1s,
N 1s, O 1s, and Co 2p orbitals, respectively [35]. The chemical states of
the selected elements were further examined through deconvolution of
the corresponding peaks, as demonstrated in Fig. 2g — 2j. In organic
framework, cobalt primarily exists as divalent Co%" ions, as evidenced
by binding energies of 781.4 and 797.2 eV at 2ps,» and 2p; 2 bands,
respectively. Through pyrolysis to CoCRD(700), an additional zero-
valent Co° state forms, determined by binding energies of 779.6 and
795.2 eV at 2p3,» and 2p;/ bands, respectively, accompanied by a
reduced intensity of Co'' state [36]. The proportion of Co® within cobalt
states reaches 58%, corroborating again the recrystallization of Co>*
nodes into metallic Co nanoparticles, which are enveloped by a thin
oxidized CoO film. The signals of sp2 (C—C) and sp3 (C=C) carbon bonds
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Fig. 2. (a) XRD patterns of CoZIF/CTAB treated with different pyrolysis temperatures. (b) Thermal analysis of CoZIF/CTAB. (c) BET isotherms and (d) pore size
distributions of CoZIF/CTAB and CoCRD(700). (e) Raman spectra and (f) XPS of CoZIF/CTAB-derived electrodes. Deconvolution of XPS at binding energies of (g) Co

2p, (h) C1s, (i) N 1s, and (j) O 1s orbitals.

at 284.6 eV, overlapping with C—N at 285.4 eV, in C 1s spectra are
characteristic of the imidazole structure. Additional oxygen functional
groups in CoCRD, such as 16% of C—0O (286.8 eV) and 12% of C=0
(288 eV), are ascribed to mild oxygenation of the derived carbon [37].
The N 1s region shows the developed graphitic-N (401.7 eV) and Co—N
(399 eV) bonds, indicating the integration of N atoms into the graphi-
tized carbon, as pyridinic-N (398.3 eV) and pyrrolic-N (400.4 eV) groups
remain [38]. Furthermore, the CoO thin film is also evidenced by
distinct Co—O (529.8 eV) and Co-OH (533.5) bonds found in the O 1s
orbital.

3.2. Electrochemical analysis

The voltammetry curves of CoZIF/CTAB and CoCRD(700), presented
in Fig. 3a and b, respectively (1 M NaOH, 10-100 mV s~1), demonstrate
a notable enhancement in the current density following the complete
carbonization of the ZIF framework. Ideally, the voltammetric response
arises from two primary components: the surface-controlled EDL and the
diffusion-controlled currents. The EDL current reflects ion storage in the
non-faradaic capacitance, while faradaic currents result from electron
transfer reactions, such as metal state transitions or redox processes
involving chemical species in the electrolyte. For Co-based pseudoca-
pacitor, the diffusive current arises from the reversible phase trans-
formation of Co(II) to Co(II) or Co(IV) within CoOy at corresponding

overpotentials [39]. The specific double-layer capacitance (Cg, F g’l)
quantifies the surface charges (o, coulomb) per unit potential variation
(@, volt), which determines the EDL current (I) proportional to the scan
rate (v, V s’l):

do

Tdp dE v
The redox currents governed by diffusion mechanisms are evaluated
as a function of v/2 based on potential step principles. Therefore, the
total capacity of the MOF-derived materials (C,,) encompasses charges
accumulated into two differently weighted parts [40,41]:

Idt _ Iy

Ca (@)

Ciot = Ca + Cays (2a)

Lot = Ig + Lygr = kav + kov*7? (2b)
where factors k; and k; represent the slope and intercept, respectively,
obtained from the linearity of I /v'/? against v'/2 (as shown in the
inset). After weighting, the component kyv'/2 defines the contribution of
redox reactions to the total voltammetric current. As shown in Fig. 3¢
and d, the faradaic pseudocapacitance (Cyy) constitutes approximately
59% of the total current density in CoZIF/CTAB. This value reduces
significantly to 42% in CoCRD(700), suggesting an expansion of the EDL
surfaces available for ion storage. Additionally, the specific capacitance
of the graphite substrate (Cs) was estimated to be 11 pF cm ™2 (Fig. $4)
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Fig. 3. Voltammetric analyses of (a) CoZIF/CTAB and (b) CoCRD(700), with diffusive and capacitive currents derived from CVs of (¢) CoZIF/CTAB and (d) CoCRD
(700) (scan rate = 100 mV s’l, 1 M NaOH). Effects of pyrolysis temperature on (e) electrical double-layer capacitance and ECSA, (f) impedance of the CoZIF/CTAB-
derived electrodes. (g) Cycling CDI process with an applied bias of 1.2 V for adsorption and 0 V for desorption of NaCl (220 uS cm ™). (h) Ragone plots for carbon
electrodes, the data for AC, CNT, rGO, and ZIF-8 carbon materials are reproduced from ref. [46-49].

[42], based on the relation Cs = %ﬂ where Cg defines EDL capaci-
tance of graphite and Ag is the geometric area (0.6 cm?). The ECSA of the
MOF-derived electrodes was then obtained by normalizing their EDL
capacitances with the graphite reference value, Cs (ECSA = Cq4/Cs) [43].
The calculated results are summarized in Fig. 3e. The effective surface
area follows the same trend to Cy;, which is substantially enhanced as the
pyrolysis temperature increases beyond 500 °C. The ECSA reaches its
maximum value of 84.5 cm? for CoCRD(700), nearly 40 times greater
than that of CoZIF/CTAB (2.65 cm?). Voltammetry in molybdate solu-
tion was also conducted, as shown in Fig. S5, to clarify the contribution
of Mo(VI) redox reactions to the ECSA measurement. The capacitance
profiles obtained in the presence of Mo salts were comparable to those
measured in NaOH electrolyte alone, with ECSA and Cgyy proportion
reaching 2.57 cm? and 53% for CoZIF/CTAB, and 68 cm? and 43% for
CoCRD(700), respectively. These results indicate that the redox activity
of incorporated Co sites does not contribute to the degradation of the
adsorbed Mo(VI), and that molybdate remains electrochemically inert
under testing potentials. Fig. 3f depicts Nyquist plots obtained from
impedance analysis at an anode potential +1.0 V, fitted with the
modified Randles circuit in the inset [44]. The resulting parameters,
used to specify resistive behaviors of pseudocapacitor, are reported in
Table S2. The semicircle in the high- to mid-frequency region is fitted by
a model of interfacial charge transfer resistance R¢r and capacitance Cq;
connected parallel to each other. The R¢r of CoZIF/CTAB drastically
decreases from 384 Q to approximately 4 Q on CoCRD(600-800) elec-
trodes. During electrosorption, Rcr is involved in the rate of ionic species
charging within the capacitive structure [45]. This observation aligns
with the effects of pyrolysis on the Cq and ECSA properties.

Fig. 3g highlights the cycling performance of the CDI system in a 220
1S em ! NaCl solution under an applied bias of 1.2 V. Both CoZIF/CTAB
and CoCRD(700) electrodes demonstrate consistent conductivity
reduction and reversal over at least 7 runs. Nevertheless, the amplitude
observed with the carbonized CoCRD(700) is larger compared to CoZIF/
CTAB. Fig. S6 illustrates the desalination capacity of CoZIF/CTAB and
CoCRD(700) electrodes, achieving 17.4 and 31.9 mg-NaCl g~?, respec-
tively (initial NaCl = 2 mM, applied bias = 1.2 V). Notably, CoCRD(700)
outperforms reported carbon materials, such as AC (10.8 mg g’l) [46],
CNT (13.3 mg g’l) [47]1, 1GO (19.6 mg g’l) [48], and ZIF-8 derived

carbon (15 mg g’l) [49], in the specific adsorption capacity (SAC)
through CDI system. Fig. 3h shows the Ragone plots of carbon-based
materials in the literature, illustrating the relationship between SAC
and specific adsorption rate (SAR, mg min~! g 1). The data were
compiled from experiments conducted with an initial 500 mg L~! NacCl.
MOF-derived electrodes exhibit relatively rapid deionization rates, with
CoCRD(700) positioned in the uppermost right region, indicating its
superior performance over other electrodes.

3.3. Batch electrosorption of Mo

Fig. 4a illustrates the effect of applied potential (vs. RHE, 10 mg-Mo
L’l, 3 mM NaHCOs3) on Mo electrosorption using the CoCRD(700)
electrode in a CDI system, with corresponding chronoamperometry
analysis shown in Fig. 4b. The initial drop in amperometric current in
the first 5 min reflects the charging of ions into the electrode’s capaci-
tance. Following this, the anodic current stabilizes, and upon switching
to 0 V, the current shifts in the cathodic direction, indicating ion release
from the electrode surface. As summarized in Fig. 4c, the removal effi-
ciency exceeds 85% within the potential range of +1.0 V - +1.2 V,
achieving a maximum adsorption capacity of over 35 mg-Mo g’l.
Meanwhile, the molybdate removal is used to assess the charge effi-
ciency (CE,%), which represents the equivalence of Mo removed relative
to the integrated charges (' Idt) under constant potential.

_ 2FA[Mo]V

7W><100

CE(%) 3

where F is the Faraday constant (96,485 coulomb mol’l), V is the re-
action volume (L), and A[Mo] is the Mo removed in molarity. A high CE
of above 95% is achieved at a low electrode potential (+0.4 V), but
decreases with increasing potential. Notably, CE remains approximately
50% at +0.8 — +1.2 V, where the adsorption capacity approaches its
maximum. This trend predicts concurrent electron transfer associated
with Co phase transformation at these potentials. Voltammetry analysis
of the MOF electrodes reveals very weak redox currents upon the
addition of molybdate ions, alongside the characteristic reversible peaks
of Co oxides, as shown in Fig. S7. This finding implies that the electrode
exhibits negligible activity toward Mo(VI) reduction, which is avoided
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Fig. 4. Effects of electrode potential (vs. RHE) on (a) Mo electrosorption, with (b) corresponding chronoamperometry currents. (¢) Mo adsorption capacity and
charge efficiency of CoOCRD(700) electrode as affected by working potentials (CO = 10 mg-Mo L™}, pH 8, 3 mM NaHCO3). Operando Raman spectra of CoOCRD(700)
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function of scan rate. (g) Zeta-potential analysis of MOF-derived carbons (0.1 M KCl). Effects of solution pH on (h) Mo electrosorption and (i) adsorption capacity

using CoCRD(700) electrode.

by the presence of the cation exchange membrane. At +1.5 V the decline
in Mo capacity and further reduction in CE (24%) can be attributed to
the water splitting, particularly oxygen evolution.

The effects of molybdate salt addition on the surface species and
phase transitions of Co in the CoCRD(700) electrode during anodic
scanning are evaluated using operando Raman spectroscopy, as
demonstrated in Fig. 4d and e. In the absence of Mo, the onset of CoO
signals at +0.6 V is attributed to the anodization of Co oxide or hy-
droxide within the carbon framework [50]. As the potential increases to
+1.0 V, progressive oxidation of CoO to Co304 is evident, based on
appearance of Raman modes for Eg (463 crn’l), Fag (510/596 cm’l),
and A;g (670 cm_l) [51]. This transformation between CoOy un-
derscores the pseudocapacitive nature of Co-based electrodes [52].
Therefore, the pronounced increase in polarization at potentials of >

+0.8 V, as shown in Fig. 4f, can thus be linked to the Co304 formation,
with the diffusive current (Izf) extracted from the total current of
CoCRD(700) in Fig. 3b. In the presence of Mo, the intensity of Co304
peaks increases, suggesting the stabilization of this Co oxide phase.
Concurrently, vibrational modes of MOO%’ at 314 and 847 cm ™, and its
condensed species Mo;087 at 903 cm™! [53], become detectable at
anodic potentials exceeding +0.8 V, confirming the adsorption and
accumulation of Mo species under anode polarity. The transformation,
governed by the Co®>/Co®" redox reaction (Eq. (4a)), catalytically
supports interfacial charging/discharging processes. During this cycle,
the charge imbalance arising from CoO-to-Co304 conversion is
compensated by adsorbed MoO3~, as described by Eq. (4b).
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3C(Co%**0) + H,0 = C(Co**Co370,) + 2e~ + 2H™

C(Co**Co3*0,) + Mo0Z~ + 2H* — 3C(Co?*0)2* (M00Z™) + Hy0 (40 and 4b)
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energies on (b) (00 1) and (c) (1 1 1) facets. (d) XPS, and elemental mapping of COCRD(700) electrode for (e) Mo electrosorption at +1.0 V, and (f) desorption at 0 V.
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Additionally, the increasing Ip/Ig ratio in carbon bands with elevated
potentials indicates relaxation of graphitic carbon lattice [54], thereby
enhancing the structural disorder of the CRD framework.

It is expected that the surface acidity is a critical factor determining
the charged nature of functional groups on materials. The pH-responsive
surfaces, which override the positive electrode polarity, are likely
responsible for the asymmetry sorption for anions and cations [55]. As
displayed in Fig. 4g, the zeta-potential of the MOF-derived electrodes
(ionic strength = 0.1 M KCl) indicates a shift in the point of zero charge
(pHpzc). The pHpyc of CoZIF/CTAB is 4, increasing to around pH 8 with
higher pyrolysis temperatures. The negative surface charge of ZIF may
originate from the pK, of 4-6 for imidazole and its derivatives [56]. In
contrast, the pHp,. of cobalt oxides, such as CoO, Co304, and CoOOH,
typically falls within the range of 7-9 [57]. Therefore, as Co?t ions
chelated in the organic ligands are converted to oxides upon pyrolysis,
the CoO sites embedded in the carbon matrix reduce overall surface
negativity of CoCRD. Fig. 4h demonstrates Mo electrosorption at a
working potential of +1.0 V at various controlled pH in the range of
3-10. The controlled pH strongly influences Mo removal, which is
maximized at pH 6.5, as depicted in Fig. 4i. The adsorption capacity
optimized by pH can be explained by the mass transport mechanism.
Based on the acidic constants of molybdate, non-charged HoMoQOj4 pre-
dominates at pH below 3.5, dissociating into charged HMoOj; and
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MoO3~ at pH >3.5 (Fig. S1). Mo is anticipated to be electrostatically
removed when pH increases, while ignoring the multinuclear species at
pH lower than 2. When the observed EDL capacitance (Cq) is resulted
from two surfaces in parallel, the polarizable Cr and the pH-reversible
CpH [58],

_dof  doy’ _doy  dof dpH _ doj dog

i do pHdp do ®%@H "

T dg

Ca Cg+Con 5)

the sign of migration current (Ig) for Mo oxyanions reverses as pH-
responsive function groups are converted from positive to negative
[59]. Zeta-potential analysis has indicated a pHp,. of 8 for CoCRD
(Fig. 4g). Thus, even under anodic potential, the surface negativity at
pH 8.5-10 will interfere the removal of negatively charged Mo species,
and reduce adsorption capacity.

To further investigate the effect of Co transformation on the bonding
mode of molybdate molecule, density function theory (DFT) calculations
are used to formulate the energy state changes. Detailed methods and
parameters are provided in the Supporting Information S4. Surface
functional groups are supposed to coordinate with Co atoms in the solid
phase, forming inner-sphere complexes with non-protonated MoOZ~ in
either bidentate or monodentate ligands [60,61]. Fig. 5a depicts the
results of geometry optimization, where the free energy of molybdate on
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Co surfaces follows Eq. (6):
Eads = Eco(nikty-mo — Eco(nkty = Epo02- (6)

Eco(hk)-mo and Ego(u) represent total energies of the Co surface before
and after Mo adsorption. The Gibbs free energies for MoOZ~ on two
primary facets, Co(0 0 1) and Co(1 1 1), are illustrated in Fig. 5b and c,
respectively. Consequently, the adsorption energy is relatively low as
molybdate adopts a monodentate on metallic Co. At low electrode po-
tentials, Mo adsorption, particularly in the case of bidentate, is endo-
thermic on both Co(0 0 1) and Co(1 1 1) surfaces with positive
adsorption energy. With elevating the potentials, the energies become
exothermic when Co undergoes recrystallization into CoO and Co304,
indicating a more stable adsorption interaction. The bidentate species
results in a greater accumulation of negative charge at the surface
compared to the monodentate one. For instance, in the Co—O coordi-
nation shell on Co(0 0 1), Co atoms are surrounded by O atoms at
approximately 1.83 A, while in the Co—Mo coordination shell, the
atomic distance reduces from 3 A in monodentate to 2.6 A in bidentate
(Fig. S8). In this arrangement, the monodentate species, which keeps
most of its negative charge away from the surface, is energetically
preferred [62]. This computation suggests that Mo adsorption can be
stabilized upon anodization, attributed not only to simple electrostatic
attraction in the EDL but only to surface complexation at oxide-water
interfaces. Fig. 5d presents the chemical state changes in CoCRD(700)
after Mo electrosorption at +1.0 V and subsequent desorption at 0 V.
Compared to the fresh electrode, an additional Mo binding energy is
observed on the used CoCRD(700), evidenced by the Mo(VI) 3ds/2 and
3ds3/, peaks at 232.5 and 236 eV, respectively [63]. The weakening of
Mo signals after desorption suggests effective Mo release from the
electrode surface through polarity reversal. Meanwhile, the emergence
of Co®" state (780.5 eV for 2ps,» orbital) and its shake-up satellite peak
during electrosorption corresponds to the formation of the Co304 phase
[64], which disappears after desorption. This modification confirms the
reversibility of CoO-to-Co304 redox reactions. Additionally, decreased
C—O intensities in the C 1s and O 1s spectra, along with intensified
Co—N in the N 1s spectrum, also indicate the structural alterations in
CoCRD(700) under different potentials. The elemental mappings of
CoCRD after Mo electrosorption at +1.0 V and subsequent desorption at
0V are provided in Fig. 5e and f, respectively. Following adsorption, the
atomic percentages of O and Mo reach 46% and 9%, respectively, then
decrease to 12.7% and 0.7% after desorption. The simultaneous rise and
decline of both O and Mo signals indicate the restoration of surface sites
by potential switching in a range of Co and Co304 formation.

Mo electrosorption on CoCRD(700) is operated at molybdate con-
centrations Cp ranging from 5 to 100 mg-Mo L™}, as shown in Fig. 6a.
Preliminary tests have shown that Mo concentration profiles approached
plateaus during the adsorption and desorption phases within 90 and 30
min, respectively, as shown in Fig. S9a. Thermodynamically, the resid-
ual Mo on the electrode surface is expected to reach equilibrium with
molybdate ions in solution at constant potentials. On the other hand, at a
fixed electrode area, while lowing the initial Mo concentration leads to
high removal efficiency (C/Cp), a corresponding decline in desorption
efficiency is observed. Since Mo desorption is carried out by reversing
the polarity to 0 V, the repulsion between the electrode surface and Mo
anions is weaker than the attraction exerted during adsorption at +1.2
V. As depicted in Fig. S9b, the Mo capacities — calculated from removal
data in Fig. 6a — converge to similar levels across various initial con-
centrations. The fractional contribution of residual Mo becomes more
pronounced at lower initial concentrations, thereby reducing the
apparent desorption efficiency. The Mo adsorption capacity (X,, mg g~ )
is estimated at 90 min under conditions: constant potential = +1.0 V (vs.
RHE), 298 K, and pH 6.5.

~ Gy — Cyp
=——X
m

X, \Y% @
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where m is the mass (g) of the synthesized MOF-derived material coated
onto the graphite substrate and Cyp is the concentration at 90 min.
Fig. 6b provides Mo adsorption isotherms on the CoCRD electrodes,
which are difficult to fit using a simple monolayer model. Given the
heterogeneity of porous structure, it is inferred that the adsorption en-
ergy varies as Mo oxyanions are captured in different forms. Since Mo
heteropolyanions were identified in Raman spectra at elevated poten-
tials, a type-II model should better describes their electrosorption
mechanism [65]:

K1 Coo(Xm)

Xe= (1 —K2Co0)(1 + (K1 — K2)Co0)

(®

where K; and K represent adsorption constants for the monolayer and
subsequent layers (L. mg 1), respectively, and X, denotes the monolayer
capacity. Notably, when K3 is insignificant, Eq. (8) simplifies to the
Langmuir model, corresponding to a type-I isotherm. Fig. 6¢ compiles
X values of CoCRD electrodes, alongside the corresponding adsorption
energy (AGgugs) obtained from the monolayer constant K; (AGads,1 =
—2.303RTlogK;, where Kj is expressed in a unit of L mol™1). The
adsorption capacity (X, for Mo oxyanions increases from 8 mg-Mo g~}
for CoZIF/CTAB to 64 mg-Mo g’1 for CoOCRD(700). The monolayer en-
ergy (AGggs,1) of —22kJ mol~! on CoZIF/CTAB also increases to —28 kJ
mol~! on CoCRD(700), suggesting the impact of carbonization on the
bonding strength for Mo species. The improvement in adsorption ca-
pacity with pyrolysis temperature is rationally attributed to the expen-
ded effective surface area provided by Co-enriched carbon surfaces. As
displayed in Fig. S9c, the CoCRD capacity for molybdate ions exhibited a
strong correlation with the average pore size (as determined by BET
analysis). In CDI studies, it is widely accepted that micropores in acti-
vated carbons serve as adsorption sites, while mesopores lower ion
transportation resistance into the electrode material [66]. An optimal
pore size distribution therefore benefits both electrosorption rate and
overall capacity. The appearance of Mo singles, coinciding with the

Table 1
Summary of adsorbents used for Mo removal.
Adsorbent Materials Conditions Properties Ref.
1000 mg L™}, X, = 41 mg-
AIEG-Pro(1)- -AlOOH
G-Pro(1)-700  y-AlOO oH 3 Mo g1 67
100 mg L7}, Xm = 56 mg-
s-Al,4To v-Al;,04 pH 3 Mog ! 68
. 1000 mg LY, Xy =33 mg-
Alumina a-Al,03 pH 4 Mo g’l 69
1 ~ B
Montmorillonite  Aluminosilicate 0. "8 L > Xi"17 7mgMo
pH 6.5 g
) N 150 mg L%, Xm = 3.5 mg-
Zeolite 4A Aluminosilicate pH 1 Mo g~ 70
“1 - 2
10Cs Iron oxide-si0, ~ LCOMEL  Xm=2mg-Mo
pH 4 8
. e 100 mg LY, Xm = 11 mg-
SiO,Fe, Oy Iron oxide-SiO, pH 8 Mo g’l 72
) 100 mg LY, Xm = 33 mg-
Magh -F
aghemite v-Feo,03 pH 5 Mo g 73
1 i 3
Pyrite FeS, :,(})Irzg L Xi"17 SmgMo o,
. 100 mg LY, Xm = 31 mg-
Mo(VI)-MIIP Fe304@SiO pH 1 Mo g,l 75
. 25mg L7}, X = 18 mg-
ZSM Fe304/zeolite pH 3 Mo g 76
Chromium 100 mg L%, Xm = 30 mg-
ferrite CrFez04 pH3 Mo gt 77
Carbon 10mg L7, X = 22.7 mg-
MWCNT(NaOCD nanotube pH7 Mo g’l 78
. 10 mg L’l, Xm = 16 mg-
CDC Carbide pH 35 Mo g 12
Electrosorption
1 ! X = - Thi
CoCRD(700) CoOy/Carbon 00mg L, m = 87 mg 1

pH 6.5 Mo g~* work
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transformation of Co oxide phase in in-situ Raman spectra, indicates the
predominant role of Co sites in Mo adsorption. Therefore, the well-
dispersed cobalt in the composite, together with appropriate pore
structure, creates a synergistic effect specifically on Mo capacity. While
the Co crystallites embedded in CRD grows at higher temperatures, the
X decreases to 28 mg-Mo g~! on CoCRD(800). Additionally, the
multilayer energy (AGggs2) averages —15 kJ mol~! for MOF-derived
electrodes, but slightly decreases to —14 kJ mol ! for CoCRD(700), as
listed in Table S3. This finding indicates that Mo species are preferen-
tially adsorbed onto the monolayer, with weaker interactions observed
in subsequent layers.

To the best of our knowledge, there are currently no journal research
specifically addressing Mo removal through electrosorption. Due to the
negatively charged nature of polynuclear Mo complexes, acidic elec-
trolyte (pH 3) are often required to enhance the adsorbent capacity.
Metal oxides, which typically have neutral pHp,. values, have also
demonstrated effectiveness for divalent MoO3~ at pH around 7, espe-
cially at low concentrations (10-100 mg-Mo g~ 1). As summarized in
Table 1, among adsorbents for Mo, Al and Fe minerals are the most
prevalent. Aluminum oxides, such as boehmite [67], gibbsite [68,69],
aluminosilicate, such as montmorillonite [11] and zeolite [70], and iron
oxides, such as ferrihydrite [71,72], hematite [73], pyrite [74],
magnetite [75,76], and spinel ferrite [77], exhibit specific surface
characteristics that are suited for Mo adsorption. Carbon-based mate-
rials like MWCNT [78] and carbon carbide [12] are also employed for
Mo adsorption due to their relatively larger surface area compared to
metal oxides. This study is the first to utilize a CDI system for recovering
Mo through charging/discharging processes. The Co-enriched carbon
polyhedrons demonstrate a high adsorption capacity for Mo oxyanions,
which can be attributed to the increased surface positivity facilitated by
the redox transition from CoO to Co304 during anodization. As a result,
electrosorption using CoCRD(700) offers a more effective way, featuring
higher capacity for Mo at neutral pH and rapid regeneration via polarity
reversal, compared to the conventional adsorption.

Mo electrosorption at different temperatures is evaluated to analyze
the chemical kinetics, as shown in Fig. S10. The adsorption capacities of
CoZIF/CTAB and CoCRD(700) for molybdate oxyanions are measured at
+1.0 V (vs. RHE) and an initial Mo level of 10 mg L1 Asthe adsorption
reaches equilibrium in 90 min, a pseudo first-order rate model is applied
to obtain the rate constant k;, as described below:

dCy
— dI:I =k1(C: — Co) (9a)
Cr — Coo
1 = — kit 9b
(=)= - (9b)
X,
1n<17}7:> R 99)

Fig. 6d presents the linear correlation of COCRD(700) capacity as a
function of In(1 — X,/X,) versus t, where the slope denotes the rate
constant (k;, in unit of sec™!). Activation energy (E,, kJ mol™Y) is esti-
mated by plotting In(k;) against the reciprocal temperature (1/T), based
on the Arrhenius equation:

E, (1
=1InA— n <7‘)

where A is the collision frequency constant. As displayed in Fig. 6e, E,
values of CoZIF/CTAB and CoCRD(700) are 17.6 and 11.7 kJ mol’l,
respectively. The activation involves the rate-limiting step of physico-
chemical reactions. While E, falls within the range of 5 to 40 kJ mol?,
the mass transport mechanism predominates the chemical process. This
result indicates that the Mo removal rate is significantly dependent on
the ion diffusion on both the MOF-derived electrodes. The lower acti-
vation for CoCRD(700) is attributed to its enhanced mesoporosity, as

In(k; ) (10)

10
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well as surface positivity induced by in-situ recrystallized Co nano-
particles embedded in the carbon polyhedrons. These features collec-
tively accelerate Mo diffusion and immobilization.

Fig. 6f demonstrates Mo removal in the presence of various sodium
salts (x = 3 mM, with a molar concentration ratio of x to Mo approxi-
mately 30). This selectivity for Mo oxyanions relative to competitive
ions can be quantified by the separation factor, §, defined as [81]:

ﬂ _ (CMO.O — CMU.90> % < Cx.O )
Mofx CxAO - CIx.90 cMoAO

where Cy o and Cy 9o denote the initial and 90-min concentrations of the
competitive anion x, respectively. As illustrated in Fig. 6g, the fyq

(€8]

factor are all greater than one, confirming the high affinity of CoOCRD for
molybdate ions. High selectivity factors for common surface water ions —
such as alkalinity (By,/nco; = 25), sulfate (fy/502- = 19), and chloride
(Bmojcr = 12) — suggest their minimal interference in Mo electro-
sorption. In contrast, Cl04 and NOs3 are the two most competitive spe-
cies. The adsorption selectivity is governed by the strength of
electrostatic interactions between ionic species and the adsorbent’s
active sites, which depends on both ionic valence and effective size. The
ratio of hydrated radius to crystal radius for the studied anions follows
the order: HCO3 (1.97) > C1™ (1.83) > SO%’ (1.39) > HyPO4 (1.27) >
NO3 (1.26) > MOO;Zf (1.19) > ClOg (1.16) [79,80]. This sequence well
predicts the impact of co-existing anions on Mo electrosorption, with
multivalent ions typically dominating over smaller, highly hydrated
monovalent ions. Since molybdenum existed as molybdate oxyanions,
the relative selectivity was examined among various anions. Mo removal
can be solely ascribed to anode-side adsorption, as the CDI cell was
separated by a cation exchange membrane, preventing cathode reduc-
tion of Mo species. The effects of the water matrix on Mo electrosorption
(Co = 10 mg L™Y) are presented in Fig. 6h. Table S4 provides the com-
positions of river water, effluent from a wastewater treatment plant, and
seawater, with corresponding ionic strengths of 9.56 x 1073, 0.0125,
and 0.64 eq. L™}, respectively. Compared to the Mo adsorption capacity
of CoCRD electrode in tap water (39.8 mg-Mo L™1), the capacity de-
creases but remains acceptable in river water (34.2 mg-Mo L1 and
waste effluent (31 mg-Mo L™ 1. However, a significant decline in the
capacity is observed in seawater (12 mg-Mo L™1), due to the extremely
high salinity. Additionally, natural organic matters in real waters,
typically present at around 10 ppm-COD, may compete with molybdate
ions — particularly when associated with carboxylic acid functional
groups. However, in the Mo electrosorption experiments, the potential
impact of COD was difficult to assess, as the fresh and used CoCRD
electrodes were minimal, according to EDS mapping results. The dura-
bility of the MOF-derived electrodes was assessed through repeated
electro-sorption and desorption cycles. Each cycle consisted of a 90-min
adsorption phase at +1.0 V, followed by 30-min desorption phase at 0 V
in a 10 mg-Mo L! solution. As shown in Fig. 6i, both CoZIF/CTAB and
CoCRD(700) achieve Mo removal efficiencies exceeding 60% and 95%,
respectively, during the first three cycles. A gradual decline in Mo up-
take is observed over subsequent cycles, likely due to incomplete
desorption from the previous run. Nonetheless, both electrodes maintain
steady performance for at least 10 cycles, revealing their stability and
reproducibility.

4. Conclusions

Mesoporous Co-enriched carbon polyhedrons, CoCRD, were synthe-
sized for molybdate electrosorption using a cobalt imidazolate precur-
sor, CoZIF/CTAB. Through solvothermal treatment followed by
pyrolysis, Co?* nodes recrystallized into CoO/Co nanoparticles and
nanoclusters embedded within carbon skeleton. This carbonization
enhanced the EDL capacitance and increased effective surface area for
Mo immobilization. The pseudocapacitance characteristics of CoCRD
originated from reversible Co redox reactions, where Co sites
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contributed to pH-responsive functional groups and surface positivity,
facilitating the adsorption of oxyanions under neutral pH conditions.
Operando Raman spectroscopy and DFT calculations confirmed that the
catalytic transformation of CoO to Co304 in the carbon framework,
driven by increasing the anodic potential, promoted molybdate elec-
trosorption in a monodantete complex. The maximum adsorption ca-
pacity of CoOCRD(700) reached 87 mg-Mo g’1 at +1.0 V (vs. RHE) and
pH 6.5. A low activation energy (~12 kJ mol™!) and high selectivity for
MoO3~ anions indicated the viability of Mo recovery, which could be
achieved by simply reversing the polarity of the CoOCRD(700) electrode
in a membrane capacitive deionization system.
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