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Rare K/Mo-based hybrid structures were obtained through a new approach, employing the 4d cyanome-
tallate complex, K4IMo"(CN)gl, as a new single molecular precursor. The dissociation of the K4[IMo'(CN)g]
complex, under hydrothermal conditions, led to the dark-brown amorphous material P. The subsequent
calcination of P gave rise to the light-yellow crystalline products 1 (at 400 °C) and 2 (at 500 °C). The XRD
data and Rietveld analysis revealed that 1 and 2 consist of a mixture of two crystalline phases: ortho-
rhombic a-MoO3z and triclinic K;M040;3, in close percentages, with a prevalence of the molybdenum
oxide phase. In situ XRD experiments up to 630 °C showed that the thermal conversion of P results in the
formation of the a-MoOz—-K,Mo,40;3 mixture, in which a-MoOs grows along the (0k0) direction, as the
temperature increases, whereas the triclinic K;Mo40:3 phase melts at 520° C. These results were
confirmed by the in situ Raman experiments on P. The FE-SEM analysis revealed a temperature-depen-
dent morphology: the fused quasi-spherical aggregates of very small nanoparticles of P (up to 10 nm)
were converted into large conglomerates comprising a mixture of fused rods/prisms of a-MoOs and
nano- and sub-micron sized polyhedral-type K;Mo40;3 particles for 1, and, for 2, into well-separated
phases of a-MoOz micro-particles with a 1D morphology and sub-micron polyhedral particles of potass-
ium tetramolybdate. For 2, HR-TEM investigations revealed details of a complex self-assembly mechanism
of the elongated particles of molybdenum oxide into 1D hierarchical structures (belts, rods and thick
prisms). The capacitive features of the graphite-electrodes modified with P, 1 and 2 materials, as well as
with a mixture of graphene and 2 were investigated.
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Introduction

Molybdenum oxides, MoO, (2 < x < 3), represent a rich and
versatile family of Mo-based materials with n-type semi-con-
ducting properties and showing various structures, mor-
phologies and compositions' that, further, trigger different
physicochemical properties of interest in (photo)catalysis,>>
photochromism,* and cytotoxicity>® as well as in electro-
chemical applications.”® Focusing on the polymorphic and
stoichiometric molybdenum(vi) oxide, the orthorhombic
a-MoOj; represents the most thermodynamically stable crystal-
line phase, with an anisotropic double-layered structure of
corner- and edge-sharing MoOg octahedral building units,
growing along the [100] and [001] directions, that further gen-
erates 1D morphologies like wires,”™'® fibers,"" rods, or
belts."™* Such 1D morphologies are particularly appealing for
electrochemical applications due to the large electrode-electro-
lyte contact area, facile strain relaxation and efficient 1D elec-
tron transport pathway. Also, the bi-layered structure of

This journal is © The Royal Society of Chemistry 2025


http://rsc.li/dalton
http://orcid.org/0000-0003-3800-0674
http://orcid.org/0000-0002-6657-3763
http://orcid.org/0000-0003-3956-3313
http://orcid.org/0000-0002-4207-5380
http://orcid.org/0000-0002-2267-6453
http://orcid.org/0000-0001-8640-5807
https://doi.org/10.1039/d5dt01044f
https://doi.org/10.1039/d5dt01044f
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt01044f&domain=pdf&date_stamp=2025-07-23
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01044f
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054030

Open Access Article. Published on 02 July 2025. Downloaded on 6/15/2026 8:38:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

a-MoO; can host Li*, Na* or K* cations, which makes it a suit-
able electrode for Li/Na/K-ion batteries or for charge storage
applications.”> ¢

The molybdenum-based hybrid structures assembled from
a-MoO; and alkaline/transition metal-containing molybdates
(A;M40,; for A" = Li, Na and K; MMoO, for M*>"?" = Cr, Mn,
Fe, Co, Ni, Cu, or Zn) represent a new family of materials that
emerged in the last decade, especially due to their excellent
catalytic wet air oxidation (CWAQ) properties.'””'® Besides,
uniform rod-like a-MoOj; particles mixed with 2.3% K,M0,0,3
showed very good electrochemical properties in lithium-ion
batteries (LIBs), as well as pseudo-capacitance in sodium-ion
batteries (SIBs),"® highlighting the benefits of such a compo-
sition in charge storage applications. Surprisingly, despite
their promising features, the a-MoO3;-K,Mo0,0,3 hybrid struc-
tures were rarely reported, being obtained by thermal
decomposition of hydrated potassium bronze,
Ko.23M003(H,0)p.43,>° through a hydrothermal (HT)'® or sono-
chemical method,"® or through a two-step precipitation/calci-
nation process.>’ The SEM morphological analysis of several
examples showed, in all cases, only a fused structural arrange-
ment of alpha-molybdenum oxide and Na/K tetramolybdate
components.'®'®?! Therefore, the development of efficient
and, also, scalable methods for obtaining a-MoO3;-K,M0,0;3
hybrids is very important for enriching this restrained series of
hybrid materials with new examples with fine-tuned compo-
sition and morphostructural characteristics.

Coordination compounds are increasingly being used as
single molecular precursors of metal oxides, providing suitable
routes to prepare pre-designed nanomaterials at the molecular
level.”” The advantages of this approach are related to the
simple, accessible synthetic procedure, and well-defined crystal-
line compounds as precursors, which can be tuned/modified to
adjust the obtained material structure correlated with its func-
tionality. HT treatment of iron(n)/iron(m) hexacyanometallates
led to diverse nano- and microstructures of iron oxide
polymorphs.”*2® More recently, the calcination of cyano-bridged
M"[Mo(CN)g]-xH,O (M = Co, Fe) 3-D coordination polymers gen-
erated hollow octahedra of Co;0,/CoM00,*” or micro-octahedra
of the MoO;-Fe,0; mixture of oxides,>® which were studied as
anodes for LIBs. These last results opened interesting possibili-
ties in the chemistry of 4d oxide materials by introducing new
types of cyano-based molybdenum molecular precursors.

The aqueous dissociation of cyanometallate complexes of
4d/5d metal analogues, such as octacyanometallate(iv) com-
plexes, K4[M(CN)g] [M" = Mo, W], under hydrothermal con-
ditions, to afford the corresponding Mo/W oxide-based
materials has not been explored to date. The Mo" /W' cyano
complexes exhibit a variety of distorted coordination geome-
tries (dodecahedral, D,q, or square antiprism, D,q)*° and the
aqueous solution of K,[Mo"(CN),] is photosensitive due to the
redox lability of the molybdenum species.> All these features
recommend K,[Mo"(CN)g] as a well-suited starting material
for Mo-based oxide materials.

Molybdenum (metal powder), peroxomolybdic acid and
ammonium heptamolybdate represent the typical sources of

This journal is © The Royal Society of Chemistry 2025
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Mo-based oxide materials through HT synthesis. However, the
procedure usually requires chemical pre-treatment with H,0,
or nitric acid.>**? Inspired by the success of hexacyanoferrates
in the synthesis of iron(u, m) oxide particles,”*>® we employed
potassium octacyanomolybdate(wv) as a single molecular pre-
cursor of Mo-based nano- or micro-sized oxide materials.
Moreover, the simultaneous presence of potassium and molyb-
denum ions has the potential to generate K/Mo-based oxide
hybrid structures.'®

Herein, we describe the one-step synthesis of hybrid struc-
tures obtained via the hydrothermal treatment of an aqueous
solution of K4[Mo"(CN),] in the absence of a surfactant: amor-
phous pristine material, denoted as P, a hydrated K/MoO,
hybrid material, and its subsequent calcination at 400 and
500° C, respectively, comprising a mixture of two crystalline
phases, a-MoO; and K,Mo0,0;3, labelled as 1 (400° C) and 2
(500° C). The composition, crystallinity and morphologies of P,
1 and 2 are influenced by the calcination temperature. In-
depth morphostructural analyses of P, 1 and 2, including the
in situ XRD and Raman spectroscopy experiments to survey the
thermal behavior of P and its conversion into 1 and 2, were
carried out. Additionally, the capacitive behavior of P, 1 and 2
was mainly investigated through cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) tests.

Experimental
Materials and synthesis

The starting material K,[Mo"(CN);]-2H,0 was prepared as out-
lined in the literature.*® Nafion 117 was obtained from Sigma-
Aldrich. N-Methyl-2-pyrrolidone (NMP) solvent (99.8%, Roth)
of analytical grade was used without further purification.

Synthesis of P, 1 and 2. The aqueous solution (0.83 g,
30 mL) of K4[Mo"(CN),]-2H,O was sealed in a 45 mL capacity
autoclave and was heated at 150 °C for 60 h. The as-obtained
dark-brown product (P) was collected by centrifugation,
washed with double distilled water and ethanol, and dried
under vacuum. Compound P was subsequently calcined in air
at 400 (1) and 500 °C (2), respectively, for 1 h, to afford light-
yellow products, 1 and 2, respectively.

Thermal investigations. The thermal analysis was carried
out in alumina crucibles, under static air, with a sample mass
of ca. 10 mg at a heating rate of 5 K min~" on a NetzchSTA 409
PC/PG thermobalance.

Spectral investigations. The IR spectra (KBr pellets) were
recorded in the 4000-400 cm™' range with a FTIR Bruker
Tensor V-37 spectrophotometer. NIR-UV-Vis spectra (diffuse
reflectance technique) were recorded in the 200-1800 nm
range with a JASCO V-770 spectrophotometer, using MgO as
the standard. Photoluminescence (PL) measurements were
performed on a JASCO FP 8300 spectrophotometer using
320 nm excitation line of xenon light.

(In situ) Raman experiments were performed using a Jobin
Yvon T64000 spectrometer equipped with a cooled charge-
coupled device detector. The backscattering geometry was
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used for analysing the scattered light. The spectral excitation
was provided by an Ar' laser using the 514.5 nm laser line.
Very low power laser density was used to avoid overheating the
sample with the laser beam. The slits were set for a spectral

resolution of 2 cm™.

Structural and morphological investigations

X-ray diffraction analysis. Powder X-ray diffraction (XRD) pat-
terns were collected at room temperature using the theta-theta
geometry on a PANalytical Empyrean X-ray diffractometer, with
CuKa radiation (4 = 1.5418 A) operating at 45 kV and 40 mA.
Counts were collected in the 20 range of 10°-80°, with a step
size of 0.02° and time per step of 255 seconds with a PIXCel3D
detector operated in the line scanning mode. PXRD data were
analysed using HighScorePlus 3.0 e software, with a whole
pattern profile fitting (WPPF) module, connected to the
ICDDPDF4+ database. Crystallite size D, micro-strains and
unit cell parameters were estimated from the PXRD data using
the Rietveld refinement method.

(In situ) XRD experiments. Qualitative in situ powder XRD
was measured under an open air atmosphere in continuous
mode in the temperature range from room-temperature up to
630 °C on a Rigaku Ultima IV diffractometer in the -0 mode
using Cu-Ka radiation (1.5418 A) at a fixed power source (40 kv
and 30 mA). Data were collected in the 26 range of 10-60°, at a
step size of 0.02° and a scan rate of 1° min~'. Phase identifi-
cation was performed using Rigaku’s PDXL software connected
to the ICDD PDF-2 database.

Scanning/transmission electron microscopy (SEM/TEM) and
high resolution-transmission electron microscopy (HR-TEM)
analyses. To analyse the oxide particle size, morphology, and
crystallinity degree and to check the chemical composition,
purity and chemical homogeneity, SEM, TEM and HR-TEM
coupled with SAED (selected area electron diffraction) and
EDX (energy dispersive X-ray spectroscopy) investigations were
performed using a high-resolution FEI QUANTA INSPECT F
scanning electron microscope (FE-SEM) with a field emission
gun and a Tecnai™ G® F30 S-TWIN transmission electron
microscope (TEM/HR-TEM) from Thermo Fisher Scientific.
The settings used for the SAED investigation were: diffraction
mode and image size of 2048 x 2048 pixels with a pixel size of
0.095 x 1 nm™" x 0.095 x 1 nm ™" at a magnification of 750 and
300 kV accelerating voltage. For the acquisition of the EDX
spectra and elemental maps, the transmission electron micro-
scope was operated in STEM (scanning transmission electron
microscopy) mode at 300 kv using a HAADF (high-angle
annular dark-field) detector for imaging and an in-column
windowless 4 Super EDX detector for elemental analysis.

Electrochemical measurements

The electrochemical investigations were carried out in a stan-
dard three-electrode glass cell, at room temperature, in 0.5 M
Na,SO, as an electrolyte with a potentiostat/galvanostat
PARSAT 4000. An Ag/AgCl electrode and a platinum wire were
employed as the reference and counter electrodes, respectively.
The pristine P compound and its calcined products 1 and 2

1590 | Dalton Trans., 2025, 54, 11588-11600
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(ca. 2.5 mg) were each mixed with 15 pL of Nafion solution
(5%) and 100 pL of N-methyl-2-pyrrolidone (NMP). These three
different inks were each uniformly deposited on graphite plate
(G) substrates and the coated electrodes, labelled P/G, 1/G and
2/G, were further dried at 60 °C for 5 h. Following the same
steps, the graphite plates were also modified with a mixture of
compound 2 and graphene (Gr) (20% graphene and 80% com-
pound 2) and the obtained electrode was denoted as 2-Gr/G.
For comparison, graphite electrodes were also modified with
graphene (Gr/G). These modified electrodes were employed as
working electrodes and their geometric surface area was ca.
1 cm®. The electrochemical characterization of all samples was
performed by using cyclic voltammetry (CV), galvanostatic
charge-discharge (GCD) and electrochemical impedance spec-
troscopy (EIS) techniques. The cyclic voltammograms were
recorded at different sweep rates (5-200 mV s~ '), and the
charge discharge curves were recorded at different current den-
sities (i.e. between 0.166 A g ' and 1 A g~') over a potential
range where their capacity of storage charge is significant. The
EIS tests were carried out at the open circuit potential (OCP) in
the frequency range between 10 mHz and 100 kHz with an
amplitude of an alternating signal of 5 mV. The ZSwimWin
3.21 software was used for fitting the impedance spectra.
Three identical samples of each electrode were tested to
confirm the reproducibility.

Results and discussion

The HT treatment of an aqueous solution of the K,[Mo"(CN)g]
complex at 150 °C for 60 h, in the absence of any additive,
afforded the amorphous dark-brown product P. The post-syn-
thetic calcination treatments of P at 400 and 500 °C generated
the light-yellow crystalline powders of 1 (400 °C) and 2
(500 °C), and the samples were preliminary analysed through
FTIR and NIR-UV-Vis spectroscopy (for 1 and 2). Solid-state
photoluminescence (PL) measurements were performed at
room temperature on 1 and 2 to reveal the surface and/or
intrinsic defects of the hybrid materials. Also, the thermal
behaviour of P was investigated through TG-DTG-DSC analysis.

Preliminary characterization

FTIR spectra of P, 1 and 2. The infrared spectra for P, 1 and
2 shown in Fig. S1 in the ESI} reveal two broad, structured,
and intense absorptions that cover the 1000-800 cm™' and
800-400 cm " range for all compounds. For the pristine com-
pound P, the bands are less delimited with peaks at 950/
906 cm ™' and 698/597 cm ™, whereas for the calcined products
1 and 2, sharp peaks occur. For 1 and 2, the bands at ca.
990 cm ™" could be assigned to the stretching vibration of the
terminal Mo=—O bond in the orthorhombic a-MoO; phase.
Also, for 1, the band at ca. 890 em™" could be attributed to the
Mo-O-Mo vibrations, which was red shifted for 2 (peak at ca.
869 cm™'), most likely due to a change of the morphology.**
Additional bands appear both for 1 and 2 at 945, 746, 620 and
515 ecm™', which correspond to Vasym(M0=0) and vg(Mo-O-

This journal is © The Royal Society of Chemistry 2025
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Mo) vibrations in a secondary, co-existent potassium tetramo-
lybdate phase.***® The peaks in the 700-400 cm™" region arise
from the bending vibrations of the Mo-O-Mo fragment
belonging to the a-MoO; phase. For P, the FTIR spectrum indi-
cates the formation of an incipient hydrated K/MoO, phase,
based on the broad bands at 3455 and 3160 cm ' (O-H
stretching vibrations), and the band at ca. 1630 em™" ascribed
to the bending mode of hydroxyl groups.

The calcined samples, 1 and 2, were also investigated
through diffuse reflectance spectroscopy that provides infor-
mation about the band gap of the two compounds. The over-
lapped NIR-UV-Vis spectra for 1 and 2 are shown in Fig. S2 in
the ESI.T Both samples show strong bands in the UV region at
322 and 330 nm with a shoulder at 260 nm, which originates
from the charge transfer of the Mo-O moiety in the MoOg°®~
octahedron.*® Fig. S3 in the ESIf displays the overlaid Tauc
plots ((ahv)* vs. hv) for 1 and 2 based on which the energy
band gap, E,, was determined by extrapolating the linear
region in the plots. The values for E, of 2.82 eV for 1 and 2.67
eV for 2 were smaller than the value for bulk molybdenum
oxide of 3.2 eV, which could be caused either by the change of
the morphostructural properties and/or the co-existence of a
potassium molybdate secondary phase (with E, = 1.9 eV).**>?°
The smaller band gap value for 2 most probably results in
higher conductivity of this compound, beneficial for electro-
chemical applications. Both 1 and 2 show a broad absorption
in the 800-1100 nm range attributed to the localized surface
plasmon resonance phenomenon.?” The overlapped PL spectra
of 1 and 2 are presented in Fig. S4 in the ESI} exhibiting
similar shapes with a strong UV emission at around 354 nm as
well as a broad visible emission with multiple shoulders in the
violet-blue region (405, 435 and 450 nm) of the spectra. Weak
intensity peaks occurred also in the green-yellow region at 550,
570 and 600 nm. The strong UV emission is located closer to
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bination. Also, the visible peaks could be tentatively assigned
to the deep level emissions and have multiple causes: oxygen
vacancies, the co-existent K,M0,0;; phase and/or interstitial
Mo or surface defects.*®

Thermal analysis was performed for P; the TG-DTG-DSC
plots are displayed in Fig. S5 in the ESL{ The TG curve of P
shows an initial weight loss of ca. 10% up to 100° C corres-
ponding to the removal of the water molecules and a broad
plateau between 100 and 700° C that indicates the formation
of a stable product. The broad, three-structured DSC exother-
mic peak with shoulders at 330 and 410 °C points out a phase
transition related to the simultaneous crystallization of the
two different phases, orthorhombic a-MoO; and triclinic
K,M0,0;;. The sharp endothermic peak from 520 °C is attribu-
ted to the melting process of the tetramolybdate phase,
whereas the melting of a-MoO; appears as a broad endother-
mic peak at ca. 720 °C.

Structural investigations

All samples, P, 1 and 2, were structurally investigated through
powder X-ray diffraction. The pristine P compound proved to
be amorphous (see Fig. S6 in the ESIt), whereas the diffrac-
tion patterns were similar for 1 and 2 (Fig. S7 in the ESI}),
both revealing the co-existence of two crystalline phases:
a-MoO; (orthorhombic Pnma, ICCD 01-086-8446) and potass-
ium tetramolybdate K,Mo0,04; (triclinic, P1, ICCD04-014-
3555).1%%% Although the XRD patterns are similar, the inten-
sities of the peaks attributed to the (020), (040) and (060)
planes for 2 increase compared to 1. Most likely, a higher cal-
cination temperature determines an increase in the frequency
of the appearance of crystalline (0k0) planes and a preferen-
tial growth along the y direction of a large proportion of the
a-MoOj crystalline phase crystals.*’ Rietveld analysis allowed
the determination of the proportion of the two crystalline

the near band edge (NBE) emission of the bulk molybdenum phases and their corresponding structural parameters
oxygen (3.2 eV) and can be attributed to the free exciton recom- (Table 1).

Table 1 The structural characteristics and the fitting parameters obtained by the Rietveld refinement for 1 and 2

Sample symbol 1 (400 °C) 2 (500 °C)

Phase composition MoO; K;M0,04; MoO; K,M0,0,3
Amount (%) 58.8 41.2 54.9 45.1

ICDD PDF4+ 01-086-8446 04-014-3555 01-086-8446 04-014-3555

a (A) 13.8738 + 0.0010 7.9392 + 0.0009 13.8633 £ 0.0007 7.9376 £ 0.0010
b (A) 3.6953 = 0.0002 8.3383 £ 0.0010 3.6972 £ 0.0001 8.3418 +£ 0.0011
c (A) 3.9612 = 0.0003 10.0034 + 0.0013 3.9627 £ 0.0002 10.0058 + 0.0014
Crystal system Orthorhombic Triclinic Orthorhombic Triclinic

Space group Pnma P1 Pnma P1

a() 90 107.04 90 107.0397

p C) 90 102.8453 90 102.8393

y() 90 109.6386 90 109.6508
Volume, V (Aa) 203.084 557.196 203.110 557.406

Rexp expected 4.1754 4.3478

R, profile 5.9829 5.4495

Weighted R,,, profile 10.6940 8.6407

Goodness of fit, y* 6.5598 3.9496

Crystallite size, (D) (nm) 40.23 +15.35 50.38 + 14.55 75.73 +10.83 45.91 + 9.65
Micro-strain, (S) (%) 0.20 + 0.03 0.15 + 0.01 0.09 +0.01 0.18 + 0.03
Crystallinity (%) 44.82 47.52

This journal is © The Royal Society of Chemistry 2025
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The increase of the calcination temperature leads to: (i) a
slight increase of the proportion of the secondary K,Mo0,0,3
phase at the expense of the major MoO; phase, (ii) the
increase of the unit cell volume, V, especially for the K,Mo0,0,3
phase, whose unit cell expansion is almost three times higher
compared to that of MoO; and (iii) the significant increase of
the average crystallite size, (D), for the MoO; phase relative to
that of K,Mo0,0;3, which is almost thermally invariant taking
into account the error bars, contributing to an overall enhance-
ment of the crystallinity degree (Table 1). The superimposed
plots of the experimental and calculated XRD patterns of 1
and 2 are comparatively presented in Fig. S8(a) and (b) in the
ESLt

The effect of the preferred orientation was incorporated
into the Rietveld refinement procedure using the March
Dollase formalism,** which corrected the diffracted intensities
of a-MoO; along the (010) family of crystallographic planes
during the fit of the patterns. The March r parameter controls
the distribution shape and is an index of the extent of prefer-
ence in orientation, r being unity for an ideal random-orien-
tation XRD data. The r parameter for 1 that was calcined at
400 °C was found with the value 0.89 (r < 1), which is specific
to foil-/plate-like crystals (2D morphology), packing along the
diffraction vector. In the case of 2, the r parameter had a value
of 1.04 (r > 1), which is specific to rod-like crystals (1D
morphology).*?

However, the crystallization process and the evolution of
the two crystalline phases is best surveyed by carrying out
in situ XRD experiments (see Fig. S9 in the ESIt) on the pris-
tine P material from room temperature up to 630 °C. Several
important conclusions could be outlined following this study:

(i) The Mo-containing phases start to crystalize above
330 °C, a process that is also supported by the broad exother-
mic DSC peak in the 300-450 °C temperature range (Fig. S5 in
the ESI}), assigned to phase transitions and the gradual crys-
tallization of the orthorhombic o-MoO; and triclinic
K,;M04043.

(if) The peaks related to the (0k0) plane follow a similar
trend observed for the room temperature XRD patterns of 1
and 2, increasing in intensity from ca. 450 up to 590 °C, which
reveals a preferential growth along the y axis of the a-MoO; 1-D
structure. Nevertheless, the (0k0) peaks clearly diminish in
intensity at 630 °C likely due to a change of the morphology of
the orthorhombic a-MoOj; (see Fig. S10 in the ESI{).

(iif) The increase of the calcination temperature above 450°
C causes a gradual disappearance of the peaks attributed to
potassium tetramolybdate (the melting point of the bulk
K,Mo0,40,3 is 546 °C), the XRD pattern from 530 °C corres-
ponding to a single crystalline phase of a-MoO;. Besides, the
sharp endothermic peak from the DSC curve of P confirms the
melting process of the tetramolybdate phase at ca. 520 °C.

To support the conclusions based on the XRD data, room
temperature Raman spectroscopy and in situ Raman experi-
ments from room temperature up to 550 °C were carried out
on P (Fig. 1 and Fig. S11 in the ESI}). The Raman spectra show
well-defined peaks corresponding to the a-MoOj; and triclinic
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Fig. 1 In situ Raman spectra of pristine P at temperatures ranging from
room temperature up to 550 °C. The green dashed lines indicate the
region of bands assigned to the K;M0,40;3 crystalline phase.

K,Mo0,0;; phases. The medium and strong intensity peaks at
660, 815 and 990 cm™" correspond to the 1(0-Mo-0), B,,/Bag,
v(M0=0), Ay/B;s, and v,((M0=0), A,/B;, vibrations, respect-
ively, for the orthorhombic MoO; phase.***> The bands at 382
and 367 cm™" are assigned to the §(0-Mo-0) scissoring, while
the band at 338 cm™" is assigned to the §(O-Mo-0O) defor-
mation in a-M005.*® The Raman bands located at 280 cm™
(B,g) and 288 cm™" (B;,) are assigned to the bending vibrations
8(Mo=0). These values and the band intensity ratio are close
to those reported for nanorod- and nanobelt-shaped a-MoO;
materials, growing along a preferential direction.*”*® Some of
the bands exhibited in the Raman spectrum by the K,Mo0,0;;
crystalline phase are masked by the a-MoO; bands. The tetra-
molybdate phase is characterized by bands at 958, 918 and
892 cm™', generated by the v(M00,), ¥(M00s), and v(MoOMo)
vibrations, respectively, that are absent in the orthorhombic
molybdenum trioxide Raman spectrum.*®>

The calcination of P leads to an increase of the peak inten-
sities attributed to the two crystalline phases, the highest
intensity occurring at 500 °C, for a-MoO; bands, and at 520 °C
for K,Mo,0,5. However, above 520 °C, the gradual dis-
appearance of the tetramolybdate characteristic bands corres-
ponds well to the XRD and thermal analysis data that indicate
the melting of K,M0,0;3. Thus, both a-M00O; and tetramolyb-
date phases simultaneously crystallize and co-exist up to
520 °C.

Morphological analysis

The morphology of P, 1 and 2 was analysed through FE-SEM
(Fig. 2-4 and Fig. S12-S15 in the ESI}) and TEM (HR-TEM)
investigations (Fig. 5 and 6).

The low-magnification FE-SEM image of P shows the for-
mation of almost spherical micro-aggregates (Fig. 2(a)). The
detailed higher-magnification images indicate an obvious
structuring of these amorphous aggregates, which consist of

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 FE-SEM images for P at different magnifications: (a) overall view
(x20 000) and (b and c) details (x100 000 and x200 000, respectively).

Fig. 3 FE-SEM images for sample 1 at different magnifications: (a)
overall view (x20000) and (b and c) details (x50 000 and x100 000,
respectively): green dashed ellipses in (c) indicate conglomerates
formed by the self-assembly phenomena of elongated particles.

Fig. 4 FE-SEM images for 2 at different magnifications: (a and b) overall
views (x2000 and x5000): the letter “a” denotes belts and rods, while
the solid yellow ellipse of (a) delimits an area where rods bundles are

u_n

found; the letter "b" denotes thick prismatic aggregates; the letter “c
and solid light blue ellipses indicate submicron polyhedral particles; (c
and d) higher-magnification images showing that the rod (yellow rec-
tangle of (c)) and the prism (red rectangle of (d)) are actually hierarchical
structures, and (e and f) details (x50 000) highlighting the mechanisms
of the self-assembly phenomena.

very small equiaxial nanoparticles (up to 10 nm) well welded
together (Fig. 2(b) and (c)). The qualitative EDX analysis
(Fig. S12(e) in the ESIf) performed on the area presented in
the FE-SEM image of Fig. S12(a) in the ESI} indicates the pres-
ence only of Mo, K and O elements. An almost homogeneous
distribution of the cation species, showing the formation of
hydrated K/MoO, phases, is highlighted by the related elemen-
tal (Fig. S12(b) and (c) in the ESIf) and superimposed maps
(Fig. S12(d) in the ESI¥).

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a and b) Bright-field global TEM images of different magnifi-
cations for 1 (400 °C): (A) a-MoOs and (B) K;Mo40,3 crystals, (c) bright-
field detailed TEM image of a K;M0,40;3 single crystal, and (d) HR-TEM
image, (e) SAED pattern and (f) EDX spectrum recorded on the single
crystal depicted in (c).

d=0.343 nm / (120)

/.S
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Fig. 6 (a and b) Bright-field global TEM images at different magnifi-
cations for 2 (500 °C): (A) MoOs and (B) K;Mo040,3 crystals; (c and d)
bright-field detailed TEM images and (e) dark-field detailed TEM image
showing 1D hierarchical a-MoOs structures obtained by the self-assem-
bly phenomena; (f) bright-field detailed TEM image of a MoOs3 single
crystal; and (g) HR-TEM image, (h) SAED pattern and (i) EDX spectrum
recorded on the single crystal depicted in (f).

The FE-SEM images of 1 show the formation of almost
evenly sized conglomerates of 1-1.5 pm, consisting of radially
fused rod-like particles as well as of weakly faceted quasi-pris-
matic particles with rounded edges and corners (Fig. 3(a) and
(b)). The length of these elongated particles varies between
50 nm and 150 nm (rods), and 200 up to 500 nm (quasi-pris-
matic particles). Equiaxial polyhedral particles sized in the

Dalton Trans., 2025, 54, 11588-11600 | 11593


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt01044f

Open Access Article. Published on 02 July 2025. Downloaded on 6/15/2026 8:38:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

submicron and even nanometer range, most likely related to
the secondary K,Mo0,0;; phase, were also noticed (Fig. 3(b)).
The detailed view from the higher magnification FE-SEM
image shows a tendency of the elongated particles to form con-
glomerates, both by welding together to create chemically
homogeneous, fused bundles and by attaching at the surface
of the polyhedral K,Mo0,0,;3 particles to create composite
aggregates (green dashed ellipses in Fig. 3(c)).

The global EDX spectrum on a selected area indicated by
the SEM image of 1 in Fig. S13(a) in the ESI{ shows the pres-
ence of K, Mo and O elements (Fig. S13(b) in the ESI}), while
in the EDX spectrum collected on a rod-like particle
(Fig. S13(c) in the ESI}), only Mo and O were identified,
proving that the elongated morphology is specific to the
a-MoO; phase (Fig. S13(d) in the ESI}). The elemental
mapping reveals that the chemical homogeneity is lower com-
pared to that of P (Fig. S14(a) in the ESI{). However, a clear dis-
tinction of the two phases is not clearly highlighted
(Fig. S14(b)-(e) in the ESI{). This observation agrees with a pre-
vious study regarding the thermal transformation process at
300-400 °C from the NaNH,Mo030,,-H,0 single crystals to the
hybrid material Na,M0,0,;3/a-M00;.>"

For 2, the lower-magnification FE-SEM images (Fig. 4(a) and
(b)) display well-defined crystals of dissimilar morphologies: (i)
rods and belt-like particles (width of 0.6-2 pm and variable
length of 13-65 pm); (ii) thick 1D prismatic aggregates (side of
the base of 3-8 pm and length of 30-70 pm) and (iii) submicron
polyhedral particles. The higher magnification images show
that the elongated 1D particles are hierarchical structures
formed by the self-assembly phenomena (Fig. 4(c) and (d)).
Some thin square-/rhombic lamellar crystals grow by lateral
attaching into thin, rectangular ribbons, and are then stacked
by overlapping, forming thick square prism-shaped aggregates
(Fig. 4(e)) and long micro-rods/belts, respectively (Fig. 4(f)).

The thermally induced morphological changes in 2 are also
accompanied by an obvious chemical heterogeneity. Thus, the
elemental and superimposed EDX maps obtained on the area
displayed in the BSE-SEM image (Fig. S15(a) in the ESI}) reveal
the presence of Mo-rich regions corresponding to the 1D hier-
archical structures of the o-MoO; phase, which coexist with
K-rich aggregates of small, isotropic particles, associated with the
secondary K,Mo0,0,; phase (Fig. S15(b)—(e) in the ESIt). The EDX
spectrum confirms the presence of the Mo, K and O species
identified by their specific peaks (Fig. S15(f) in the ESIY).

More insights into the morphological features of 1 and 2
were provided by performing TEM and HR-TEM investigations.
For 1, the TEM images of different magnifications displayed in
Fig. 5(a) and (b) show a duplex-type morphology, suggesting
the presence of a mixture of two crystalline phases, in agree-
ment with the XRD findings. Thereby, well-defined, rod-like
structures, denoted as “A”, of a width of 75-170 nm and a vari-
able length of 200-600 nm, co-exist with unevenly shaped and
sized polyhedral particles, denoted as “B”. Considering the
above results of the SEM-EDX investigations (Fig. 3-5) and
other literature data,”® the 1D structures correspond to the
major crystalline a-MoO; phase.
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HR-TEM and SAED investigations performed on the iso-
lated particle with a size of ca. 550 nm, displayed in Fig. 5(c),
proved that the equiaxially polyhedral morphology corres-
ponds to the secondary K,Mo0,0,3 phase. Indeed, the long-
range ordered fringes, assigned to the crystalline plane (-3 1
3) in the HR-TEM image (Fig. 5(d)), as well as the ordered
bright spots (which proves the single-crystal nature of the par-
ticle), indexed as the crystalline planes (2 —3 3), (-2 2 1) and (4
0 1) in the SAED pattern (Fig. 5(e)), are specific to the triclinic
structure of the K,Mo0,0,; compound. The global EDX spec-
trum (Fig. 5(f)) collected on the area shown in the TEM image
(Fig. 5(c)) reveals the presence of all elemental species (Mo, K
and O) belonging to the K,Mo0,0;; phase in 1. The reports
regarding potassium tetramolybdate are rare, especially con-
cerning its morphology.”’”* To date, only two examples of
K,Mo0,0,;3 with a nanobelt-type morphology have been
investigated.>'*> Therefore, the clear separation between the
two crystalline phases in 2, discussed below, provided us the
opportunity for a rare morphological study of K;M04043.

TEM investigation of 2 points out the presence of the two
phases, i.e. a-MoO; and K,Mo0,40;3, as the images of different
magnifications reveal (Fig. 6(a) and (b)). A focus on a single 1D
micro-belt suggests a stepped assembly process. The first stage
involves a layer-by-layer [001] growth determined by the vertical
assembly of a large number of thin foils to form a rod-like 1D
structure, while in the second step, a longitudinal fusion of two
rods along the [010] crystallographic axis leads to the formation
of a belt-like architecture with a width of ~2 um (Fig. 6(b) and
(¢))- The hierarchization level can be even higher due to more
complex self-assembly mechanisms (see Scheme 1) involving
cross-joining of nanocrystallites within the rods (Fig. 6(d)), fol-
lowed by longitudinal coalescence of several rods inside a
bundle, in order to form 1D micro-belts (Fig. 6(c) and (d)) and,
finally, a further growth through an end-to-end fusion (marked
by the dotted magenta ellipse, Fig. 6(e)) of several such micro-
belt-shaped conglomerates to create lengthwise extended 1D
hierarchical aggregates (Fig. 6(e)).

Scheme 1 depicts the very complex self-assembly mecha-
nism for 2 that led to different hierarchically structured 1-D
morphologies of a-MoOj3:

- Ribbon-like particles resulted through the longitudinal
attachment of slab crystals along the [010] direction (green rec-
tangle) that are further stacked and/or are fused.

- Belt-like and rod particles which grow further into thick
prisms and extended prisms.

The HR-TEM and SAED analyses on the thin, lamellar
single crystal of Fig. 6(f) revealed the crystalline planes specific
to the orthorhombic structure of a-MoO; (Fig. 6(g) and (h)),
while the lack of the K-bearing species in the EDX spectrum
undoubtedly highlighted that this kind of morphology is
related to the MoO; phase (Fig. 6(i)). It is interesting to note
how the structural anisotropy of the unit cell of MoO; (Table 1)
is also preserved at the morphological level by the formation
of both rod-/belt-like crystals and 1D hierarchical aggregates.

Although all these 1D morphology types were identified,
the overview SEM images (Fig. 4a) confirm the prevalence of

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 The schematic representation of the complex self-assembly mechanism of different 1-D morphologies of the a-MoO5 crystalline com-

ponent in 2.

rods grown along the [010] preferential direction. It is also
important to note that as the temperature increases from 400
(1) to 500 °C (2), a longitudinal fusion of several rods along the
crystallographic [010] axis became even more significant,
leading to the formation of belt-like morphologies, which con-
tinues to grow through an end-to-end fusion to create length-
wise extended 1D hierarchical aggregates. These observations
are consistent with the XRD results. Thus, for 1, the intensity
of the (002) reflection from 26 = 49.26° is lower than the inten-
sity of the (020) reflection from 26 = 12.77°, so that the 1(020)/
I(002) ratio is 4.55, much higher than that calculated from
ICDD file no. 01-086-8446 (1(020)/1(002) = 1.61). This indicates
a higher frequency in the occurrence of crystalline planes (0k0)
compared to planes (00/). For 2, the value of this ratio is
doubled, i.e. 1(020)/1(002) = 9.15, relative to that corresponding
to 1. Correlation of the Rietveld analysis of the XRD data with
TEM results suggests that at 400 °C, the self-assembly process
of the crystals into 1D structures in a-MoOj is just at the begin-
ning. The increase of the calcining temperature to 500° C pro-
motes the self-assembly phenomena of foils, involving the
development of more and more complicated hierarchical 1D
architectures.

Electrochemical properties of P, 1 and 2 materials

Due to multiple oxidation states of molybdenum, the hydrated
K/MoO, (P) and a-M003;-K,Mo0,0;; crystalline mixtures (1 and
2), one may presume that these materials might have a good
capacitive performance. This assumption is also supported by
other reports which attested that the layered structure of
a-MoO; with 1-D morphologies proved to be suitable in super-
capacitor applications.'*™*¢

The capacitive features of P/G, 1/G and 2/G electrode-modi-
fied materials were extensively investigated through cyclic vol-
tammetry (CV) and galvanostatic charge-discharge (GCD)
tests, in three-electrode setup experiments, using an aqueous
solution of 0.5 M Na,SO, as the electrolyte.

The CV plots for P/G, 1/G and 2/G were recorded between
—0.6 and 0 V at different sweep rates varying from 5 up to

This journal is © The Royal Society of Chemistry 2025

200 mV s~*. The overlapped CV plots selected at a sweep rate
of 20 mV s~ are presented in Fig. 7a. Also, the superimposed
CV curves of 2/G recorded at sweep rates ranging from 5 to
200 mV s~ " are presented in Fig. S16a in the ESL

In all three cases, the CV curves exhibit almost a quasi-rec-
tangular shape (Fig. 7a), most likely due to the fact that the
charge is mainly accumulated through the electrochemical
double layer where no significant faradaic processes are
observed.”® These findings are not surprising because a
similar behavior was also observed for other MoO;-based elec-
trodes.>® Fig. 7a appears to indicate an increase of electro-
chemical performance from the graphite electrode (G) modi-
fied with the P amorphous material (P/G) up to G modified
with 1 (1/G) and 2 (2/G), respectively, crystalline hybrid
materials. The gravimetric capacitance®® was estimated
through the following eqn (1):

C=0Q/2xmx (Vy,—V.)), (1)
where C is the areal capacitance, Q is the electric charge inte-
grated over the entire curve, m is the mass of the electroactive
material and V, — V. is the potential range within which the
potential was scanned.

At a sweep rate of 20 mV s~' for P/G, 1/G and 2/G, the
resulting values are 0.54 F g™, 4.25 F g', and 12.65 F g/,
respectively, pointing out that 1/G- and 2/G-modified electro-
des exhibit better capacitive performances than P/G-modified
electrodes. These results are supported by those estimated
from the CVs recorded at different sweep rates from 5 mV s™*
to 200 mV s~' (Fig. 7b), which revealed that 2/G shows the
highest values of C, whereas P/G shows the lowest one, regard-
less of the sweep rate. The maximum value of C, 20.45 F g, is
attained for the 2/G-modified electrode at a sweep rate of 5 mV
s~'. Under our experimental conditions, the modified electro-
des with amorphous K/MoO, hydrated material (P/G) as well
as with the crystalline mixture a-MoO;/K,M0,0;3 (1/G and 2/
G) acted as cathodes in the electrochemical process. A similar
behavior was also observed for other modified electrodes with
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Fig. 7 (a) Overlapped CV plots for P/G, 1/G and 2/G modified electro-
des recorded at a 20 mV s~ sweep rate. (b) The variation of gravimetric
capacitance values, C, of P/G, 1/G and 2/G modified electrodes with the
sweep rate, v, using 0.5 M aqueous solution of Na,SO, as the electrolyte
(the lines are guides for the eye).

Mo-based oxide/composite materials such as for the nano-
structured/nanobelts of a-MoOj; oxides in 0.005 M H,S0,/0.095
M Na,SO,,”® or in 0.5 M Li,$0,,*° and for MoO3;~ZnO compo-
sites using 1 M Na,SO, electrolyte®” or for K* pre-intercalated
hydrogenated MoO; (K,MoO;_,) materials.>®

The GCD tests were carried out on P/G, 1/G and 2/G at
different current densities and the relevant results are shown
in Fig. 8 and Fig. S17 in the ESLT It appears that these electro-
des are charging and discharging linearly and symmetrically,
suggesting that the electrical charge likely accumulates phys-
ically, mainly through a non-faradaic mechanism with a
typical EDCL behaviour.”®®® These findings are in good agree-
ment with those observed from CV investigations.

The gravimetric capacitances were estimated from the
charge-discharge curves®! through eqn (2):

C = (I x At)/(AV x m), (2)

where C is the specific capacitance, I is the current (A), At is
the discharging time (s), AV is the potential window (V), and m
is the mass of the electroactive material (g).
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Fig. 8 GCD curves of 2/G and 1/G at an applied current density of 0.34
Agtin 0.5 M NaySO..

The resulting C values are ca. 2.5 times higher at 2/G (i.e.
ca. 22.24 F ¢7') compared to 1/G (ie. ca. 8.33 F g”') at an
applied current density of 0.34 A g™*, revealing that the graph-
ite substrate covered with well-separated a-MoO3;-K,M0,40;;
crystalline phases (2/G) exhibits the best charge storage capa-
bility. Conversely, P/G shows a very low gravimetric capacitance
(ie. 0.76 F g~ at an applied current density of 0.07 A g%),
suggesting a poor capacitive performance. These results certify
previous ones from CV investigations. From the charge-dis-
charge curves of these types of electrodes, no sudden drop of
the potential might be observed during the initial discharge,
demonstrating that all three types of electrodes have low
internal resistance.

Improved electrochemical performances could be obtained
by modifying the graphite electrode with the best electroche-
mically responsive material of the series, 2, physically mixed
with graphene. The added graphene is expected to increase
the conductivity of the material and, also, to prevent the
agglomeration of the particles of 2. The capacitive perform-
ance of these new assembled electrodes denoted as 2-Gr/G was
assessed. For comparison, the electrochemical investigations
were carried out at the graphene-modified graphite electrode
denoted as Gr/G. As in the case of 2/G, the CV plot of 2-Gr/G
exhibits a quasi-rectangular shape (Fig. 9), suggesting that the
presence of graphene does not change the type of charging of
these Mo-based electrodes. In other words, at these 2-Gr/G
electrodes, the charge storage capacity also originates mainly
through the electric double layer charge as evidenced for other
MoO;-based electrodes in Na,S0,.>*

These findings are also supported by the CV plots recorded
for 2/G (Fig. S16a in the ESIf) and 2-Gr/G (Fig. S16b in the
ESIf) at different sweep rates ranging from 5 mV s™' up to
200 mV s'. The gravimetric capacitance of 2-Gr/G estimated
from the CVs recorded at 20 mV s~ is 26.46 F ¢~ which is ca.
2.6 times higher than that of Gr/G (i.e. 10 F g7') and ca. two
times higher than that of the 2/G electrode (i.e. 12.65 F g™").

The GCD curves were recorded for 2-Gr/G at several current
densities. A comparison of the GCD curves for 2-Gr/G and 2/G

This journal is © The Royal Society of Chemistry 2025
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recorded at a current density of 1 A g~ is presented in Fig. 10a
and illustrates the superior capacity storage of the graphene-
added electrode 2-Gr/G. From the charge-discharge curves of
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Fig. 10 (a) Overlapped GCD curves of 2-G and 2-Gr/G at an applied

current density of 1 A g~ in 0.5 M aqueous solution of Na SO, (j is the
current density). (b) Gravimetric capacitances at various current den-
sities for 2-G and 2-Gr/G in 0.5 M aqueous solution of Na,SO,4.
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both 2-Gr/G and 2/G recorded at several current densities, the
corresponding gravimetric capacitances estimated
(Fig. 10b). The gravimetric capacitances of 2-Gr/G are 33.21 F
g7', 32,91 F g ', 10231 F g " and 145 F g " at the applied
current densities of 1 A g™, 0.64 Ag™", 0.34 Ag " and 0.166 A
g7, respectively, whereas the corresponding results for 2/G are
7.91 F g%, 13.35 F g', 22.24 F ¢”' and 32.98 F g ". These
results, which are in good agreement with those from CV
investigations, point out clearly that the graphite modified
with the mixture 2-Gr enables higher gravimetric capacitance
(i.e. four times higher) compared to that observed in the
absence of graphene, regardless of the applied current den-
sities. SEM investigations were carried out on bare graphite (G)
and 2/G- and 2-Gr/G-modified electrodes (Fig. S18 in the ESI{)
and one can clearly observe that 2/G and 2-Gr/G are well
covered with 2, mostly showing 1-D morphologies. Moreover,
by mixing 2 with graphene (2-Gr), the particles are more dis-
persed on the graphite substrate. Graphene seems to prevent
to a certain extent the agglomeration of Mo-based particles.®*
In this way, the diffusion of the electrolyte ions to the electrode
surface is facilitated, leading to an improved charge-storage
capability for the 2-Gr/G-modified electrode.

These results are close to those obtained for other MoO;-
based electrodes, the charge storage capability of our material
being similar.®®> ®® For instance, a specific capacitance of 176 F
¢! for an applied current density of 0.001 A g~ was found for
a-MoO; mixed with carbon black,®® a value of 80.7 F g~* for an
applied current density of 0.2 A g~ was estimated for p-MoOj
coated with carbon,®® and for the ~-MoO;-based electrodes, for
an applied current density of 0.2 A g7*, a specific capacitance
of 229 F g~ was determined.®

Additional information about the electrochemical features
of the «-M00O3;-K,Mo0,05-based electrodes were attained from
EIS investigations carried out in 0.5 M aqueous solution of
Na,SO, as an electrolyte at open circuit. The Nyquist plots of 1/
G, 2/G and 2-Gr/G as well as the electrical equivalent
circuit®®®%%%” ysed for fitting the corresponding impedance
spectra are shown in Fig. 11. The estimated R;, which rep-
resents the electrolyte resistance combined with the electrical
wire resistance and internal resistance of electrodes, is low
regardless of the type of electrode (i.e. 3.48, 6.77 and 3.49 ohm
cm? for 1/G, 2/G and 2-Gr/G, respectively), suggesting that the
electrodes have low internal resistance.’® The leakage resis-
tance Ry, is high for all types of electrodes, i.e. 1/G, 2/G and 2-
Gr/G, attesting that, at these samples, low leakage current
occurs. These features (low Rs and high R;) are of great impor-
tance in obtaining electrodes with good capacitive
behaviour.>®>® The R., which accounts for interfacial charge
transfer resistance, is much lower at 2/G (i.e. 29.85 ohm cm?)
compared to 1/G (i.e. 519.9 ohm cm?), suggesting that the elec-
trode 2/G has a higher conductivity.®® The Warburg resistance
(W), which is a type of impedance associated with diffusion
processes, is much lower for 2 (i.e. 660 ohm cm?) compared to
1 (6489 ohm cm?), confirming that 2/G allows better ion
diffusion.>>>® The values estimated for CPEp,, which might be
roughly associated with double layer capacitance, are quite

were
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Fig. 11 Nyquist plots of 1/G, 2/G and 2-Gr/G and their simulated
curves (solid lines). The inset shows the electrical equivalent circuit used
to simulate the impedance spectra. The equivalent considers the solu-
tion resistance R, the charge transfer characteristics R, the constant
phase element of the double layer Q, the Warburg element W, and the
leakage resistance R associated in parallel with CL.

similar for both types of electrodes (i.e. 0.003 ohm™" ¢m™ s”

for 1/G and 0.002 ohm™" ecm™ s” for 2/G), indicating that a
good contact area at the electrode-electrolyte surface is
achieved in both cases. Also, the more efficient charge-storage
capacity of the 2/G-modified electrode compared to 1/G might
be linked to its higher conductivity and good contact area at
the electrode-electrolyte interface and to a lower diffusion
path resistance (W). After modifying the graphite substrate
with the mixture of graphene and 2, the R.; and W significantly
decrease (R, and W are 2.03 ohm cm® and 34 ohm cm?,
respectively, for 2-Gr/G), while the CPEp; increases (0.009
ohm™ cm™ s” for 2-Gr/G). The presence of graphene
enhances the conductivity of the electrode material, increases
the contact area at the electrode electrolyte interface and pro-
motes the diffusion of the electrolyte ions to the electrode
surface, thus improving the charge-storage capability of these
2-Gr/G-modified electrodes.

We can conclude that the new Mo-based hybrid materials
exhibit good capacitive properties, as indicated by CV and
GCD. The composition and morphostructural features of P, 1
and 2 hybrid materials play key roles in their electrochemical
performance. Thus, the compact aggregation of nanoparticles
of the amorphous K/MoO (P, see Fig. 3) lacks efficient accessi-
bility of the electrolyte ions to the P/G-modified electrode
surface, resulting in most probably low C values. Furthermore,
the co-existence of two crystalline phases, o-MoO; and
K,Mo0,0;3, clearly improved the capacitive properties for 1 and
2 materials. Nevertheless, the well-defined and separated 1-D
microstructures of o-MoO; and polyhedral particles of
K,Mo0,0;; (see Fig. 4) from the 2/G-modified electrode provide
the best capacitive properties.

Results thus far indicate that the morphology of K/Mo
hybrid structures plays a pivotal role in their capacitive pro-
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perties. Therefore, it appears that different morphologies have
a great impact on the surface area, ion diffusion pathways,
electrical conductivity, and structural stability, all of which are
critical for optimal capacitive performance. Thus, one-dimen-
sional structures of the major component of 2, a-MoOj;,
provide direct pathways for electron transport and ion
diffusion, leading to enhanced specific capacitance and rate
capability.®® Moreover, the presence of the sub-micron poly-
hedral particles of t-K,Mo0,0,3;, the co-existent crystalline
phase from 2, offers a high surface area and facilitates electro-
lyte penetration, improving charge storage capacity.®® It is also
worth noting that the existence of the 1-D hierarchical struc-
tures of a-MoO; in 2 (see Scheme 1) demonstrated by the
HR-TEM investigation might help mitigate volume expansion/
contraction during cycling, thus improving long-term stabi-
lity.”® The trend is also preserved for the 2-Gr/G-modified elec-
trode with the mention that the charge storage capacity is even
more enhanced due to the synergistic action of graphene and
2, and also due to the well-dispersed particles of 2 within the
graphene substrate which increases the electrode-electrolyte
contact area.

Conclusions

New K/Mo-based hybrid materials were obtained through the
hydrothermal method and post-synthesis calcination treat-
ments using, for the first time, the potassium octacyanomolyb-
date(iv) complex as a single molecular precursor: hydrated K/
MoO, amorphous phase, P, and its calcination products at 400
(1) and 500 °C (2), respectively, both comprising a rare combi-
nation of the orthorhombic a-MoO; and triclinic K,;M0,0,;
crystalline phases, in close percentages. Thermal treatment
strongly influences the particles sizes and morphology of the
K/Mo-based materials: (i) compact micro-spherical aggregates
of different dimensions (275-750 nm) of equiaxial nano-sized
particles of P (5-9 nm), with K and Mo elements uniformly dis-
tributed throughout the sample; (ii) large conglomerates
(1-1.5 pm) of fused rods/prisms of a-MoOj; and polyhedral par-
ticles of K;Mo0,0;3 in 1 and (iii) in 2, well-separated microparti-
cles of a-MoO; with 1-D morphology (rods, belts and thick
prisms) and sub-micron polyhedral particles of potassium tet-
ramolybdate. It is worth noting that in 2, the different hier-
archically structured 1-D morphologies of molybdenum oxide
resulted through a complex self-assembly mechanism and,
moreover, the separated K,Mo,0,3 crystalline phase offered
the opportunity for a unique morphological study. The capaci-
tive properties of P-, 1- and 2-modified graphite electrodes
were investigated, showing a predominant EDCL behaviour as
well the key roles played by the morphology of the K/Mo
hybrid materials. The best capacitor performances were
achieved for the 2/G-modified electrode likely due to the co-
existence of well-separated microbelts of a-MoO; and poly-
hedral K,Mo0,0;; particles that provides a large electrode-elec-
trolyte contact surface area. Moreover, the combined capacitive
features of 2 with the high conductivity/high surface area of

This journal is © The Royal Society of Chemistry 2025
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carbonaceous support like graphene led to four times higher
gravimetric capacitance of the 2-Gr/G-modified electrode.

Our results open large perspectives in a less explored area
of cyano-based complexes of the late row metals as single-
source precursors of 4d/5d nano- and micro-sized oxide
materials. Besides, the hydro-/solvothermal synthesis is a scal-
able method that provides high flexibility with regard to the
reaction parameters and starting complexes that will allow us
to modulate the composition as well as to tailor the morphos-
tructural features of the Mo-based oxides for the design of new
generation of highly efficient capacitors.
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