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Three hydrated double layered vanadium oxides, namely Nag 35V>0s5-0.8(H,0), Kg36(H30)015V205 and
(NH4)0.37V205:0.15(H,0), were obtained by using mild hydrothermal conditions. Their delta type structural
frameworks were solved by high-resolution synchrotron X-ray powder diffraction and the interlayer spa-
cings were interpreted from difference Fourier maps. The inter-slab distances are modulated by the water
content and the special arrangements of the alkali and ammonium cations. The XPS measurements
denote mixed valence systems with high contents of V4* ions up to 40%. The monitoring of the V4* EPR
signal over time suggests a reduction of the electronic delocalization on account of the partial oxidation
to V®*. The electrochemical performance of the active phases is strongly conditioned by the vacuum-
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drying process of the electrodes, showing better capacity retention when vacuum is not applied. In situ
X-ray diffraction shows a structural mechanism of contraction/expansion of the bilayers upon lithium
insertion/extraction where the alkali ions behave as structural stabilizers. Galvanostatic cycling at very low
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Introduction

The wide variety of vanadium oxidation states, 3+, 4+ and 5+,
confers great versatility to adopt different coordination
environments." The polymerization of VO, chains to form
layers and frameworks through edge and corner-sharing of
vanadium oxide units leads to a broad range of architectures
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current density implies migration of the alkali “pillars” triggering the collapse of the structure.

adequate for reversible lithium insertion/extraction.” In fact,
vanadium-based compounds such as V,05, VO,(B), LiV;Og,
and Li;V,(PO,); have generated great interest as intercalation-
electrode materials for lithium-ion batteries (LIBs).*>*

The V-0 phase diagram® represents a complex system con-
stituted by the so-called Magneli (V,0,,_1) and Wadsley
(V2,0s,,_») phases, which differ in the width of their homogen-
eity ranges and the concentrations of oxygen and vanadium
vacancies.® While rutile type Magneli phases have inspired the
development of electronic devices through insulator to metal
transitions and anisotropic charge transport properties,”® the
layered Wadsley phases allow reversible ion intercalation.’

Many studies point to the improvement in lithium
diffusion and electrical conduction performance by the
addition of alkaline-earth metal ions'® or ammonium ions"'™**
into the V,05; host or other vanadium oxide-based matrices.
Following this approach, it is possible to increase the inter-
layer space and stabilize the structure during lithium inser-
tion/extraction.*">

Vanadium oxide bronzes of the general formula M,V,0;
can be classified into single layered- and double layered struc-
tures.'® While the single layered phases retain the V,0j crystal
structure composed of VOs square pyramids sharing oxygen
vertices, the double layered- or delta-type structures are consti-
tuted by condensed V,0;, double layers made up of edge-
sharing distorted VO4 octahedra. The M,V,0s bronzes rep-

This journal is © The Royal Society of Chemistry 2020
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resent flexible systems that can interchange ions with a huge
variety of ionic radii and valences (Li*, Na*, K*, Cu®, Ag", Mg*",
Ca**, sr**, Ni**, Mn*", and Fe*") with possible electronic altera-
tions but without great geometric distortions of the mother
structures.’”” The vast possibilities of tuning these kinds of
compounds by modifying the space between the vanadium
oxide layers with different coordination environments together
with the ability to accommodate V**/V>* mixed-valence states,
vacancies and nonstoichometry'® make them interesting
cathode archetypes for LIBs.

Moreover, crystalline 3-phase vanadium oxides extensively
studied for lithium intercalation by Whittingham’s group>**°
are recently receiving renewed interest as multivalent-ion
battery materials, where their maximum exponent, the
NH,V,0,, phase, shows great versatility as a cathodic material
for both monovalent Li**** and Na**"?” and divalent batteries,
such as Mg,”®?*° Zn**?" and Ca®? ones. Furthermore, interlayer
engineering by hydrated intercalation species has been shown
to be an effective strategy to improve the structural stability
during charge-discharge processes and provide fast ion
diffusion paths in zinc-ion storage systems.***°

With the aim of identifying new inspiring host materials,
the present work discloses the preparation of a series of delta
type vanadium oxides with the interlayer spacing modulated
by the water and the alkali content. The structural frameworks
were solved by high-resolution synchrotron X-ray powder diffr-
action and the electrochemical properties were described and
discussed by considering the role of water and alkali “pillars”
in the structures. We will show how the vacuum-drying process
of the electrodes, foreseen to control the stacking disorder
degree within the vanadium oxide layers, affects the capacity
retention of the studied compounds.

Experimental section

Synthesis and characterization

Nay 35V,050.8(H,0) (NavOy), Kg36(H30)0.15V205 (KVO,) and
(NH4)0.37V205-0.15(H,0) (NHVO,) phases were prepared using
mild hydrothermal conditions under autogenous pressure. A
water solution of VOSO, (0.75 mmol) was acidified with H,SO,
(1.4 mmol for NHVO, and 2 mmol for NavO, and KVO,) and
H,C,0,4-2H,0 (0.75 mmol). The mixtures continuously stirred
in air were basified to increase the pH by adding dropwise 2 M
NaOH and 2 M KOH solutions for NavO, (pH = 4.5) and KVO,
(pH = 4.5) and NH,OH solution (25% NHj; in H,0) for NHVO,
(pH = 2.5). The resulting solutions (total volume = 30 ml) were
sealed in a 35 ml PTFE-lined stainless-steel pressure vessel (fill
factor 85%). After 48 hours for NHVO, and 60 hours for NavO,
and KVO, at 160 °C, fine-grained bluish-black powders were
recovered and washed with water and acetone. Attempts to
obtain single crystals were not successful. The absence of
H,SO, or H,C,0,-2H,0 in the hydrothermal system results in
the crystallization of the monoclinic VO,(B) polymorph (PDF
file: 01-081-2392; S.G. C2/m (12), @ = 12.093 A, b = 3.702 A, ¢ =
6.433 A, = 106.97°).%°
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Vanadium, potassium and sodium contents were confirmed
by inductively coupled plasma quadrupole mass spectrometry
(ICP-Q-MS) analysis, performed with a Thermo Scientific
XSERIES 2 spectrometer. The amount of N in NHVO, was
determined by elemental analysis (see Table S17). The samples
were also characterized by powder X-ray diffraction. The pat-
terns were recorded on a Bruker D8 Advance diffractometer
(CuKa radiation) (26 range = 5-80°, step size = 0.02°, exposure
time = 0.3 s per step).

Scanning electron microscopy

The microstructure and composition were studied using a
JEOL JSM-7000F scanning electron microscope (SEM)
equipped with a Schottky field emission gun (FEG) and an
Oxford Inca Pentafet X3 energy dispersive X-ray analyser (EDX).
The EDX microanalysis was performed using an accelerating
voltage of 20 kV and a current intensity of 1 x 107'° A, with a
working distance of 10 mm.

High-resolution synchrotron X-ray powder diffraction

The X-ray patterns of NHVO,, NavO, and KVO, were collected
in transmission configuration on the BM25B SpLine of the
European Synchrotron Radiation Facility (ESRF) at room temp-
erature. The powder samples were loaded in glass capillaries
(@ = 0.5 mm) and rotated during data collection to enhance
particle statistics. The wavelength was set at 0.62097 A (20 keV)
and the patterns were recorded with the following
characteristics:

- NHVO,: 2-47.1°, 0.01°, 6 s per step.

- NavO,, NavO, HT and KVO,: 2-26.1°, 0.0125° 3 s per
step; 26.1°-47.1°, 0.0125°, 4 s per step.

Thermal induced structural change due to the partial de-
hydration of NavO, was followed by heating the capillary using
a hot-air blower up to 110 °C (NavO,_HT).

Indexing process, space group determination and ab initio
structural solutions were performed with the EXP02014
program.’” There was the possibility of finding the positions of
the vanadium and oxygen atoms of the inorganic frameworks
of NavO,, KVO, and NHVO,. The extraframework species
located in the interlayer spaces were tentatively assigned in a
first approach.

Le Bail and Rietveld refinements were addressed using the
FullProf program.*® The instrumental contribution to peak
broadening was determined with a LaB, standard. The result-
ing instrumental resolution function was included in the
refinement, although U, X, and Y of the pseudo-Voigt profile
function of Thompson, Cox and Hastings®® were allowed to
vary in the refinement. First of all, the profile variables such as
the zero shift offset, profile parameters, lattice constants,
asymmetry parameters, and background were cyclically
refined. Anisotropic line broadening was detected and
modeled with FullProf as a linear combination of spherical
harmonics, where the anisotropic size is supposed to contrib-
ute to the Lorentzian component of the total Voigt function.*®
The most important contribution to this effect is believed to
be due to the platelet shape of the compounds (Fig. 1),
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Fig. 1 FEG-SEM of the NavVO,, KVO, and NHVO, samples.

although stacking disorders along [001] as previously observed
in other laminar phases*' cannot be discarded. The samples
were successfully refined using the C2/m space group, result-
ing in the unit cell parameters shown in Fig. 2(a) (see also
Table S2t). The good agreement between the experimental and

NaVOx
a=11.916A, b=3.742A, c=14.211A, =114.05°

NaVOx 110°C
a=11.686A, b=3.727A, c=12.383A, p=115.84°
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the calculated diffractograms confirms the purity of the
samples. An additional spurious peak at 9.53° (26) in KVO,
was detected in the synchrotron measurement (asterisk in the
inset of KVO, refinement) and discarded as a reflection of the
phase by comparison with the laboratory diffractometer data
of a previous analysis of the same sample (Fig. S17). Fig. S17
also shows that the effect of preferred orientation of the 00l
family of reflections is highly minimized when the sample is
measured in transmission mode.

For Rietveld refinements (Fig. S2 and Tables S2-S47), an
overall thermal parameter was considered in all phases except
in NavO,, where it was possible to refine three independent
isotropic  displacement parameters, distinguishing the
vanadium atoms, the oxygen atoms and the host ions. Some
V-0 constraints were included to maintain a stable and chemi-
cally correct structural model during refinement of the atomic
coordinates. Once the inorganic frameworks were refined,
difference Fourier maps using Fops—Feae values were con-
structed in order to locate the interlaminar species.

Physicochemical characterization techniques

Thermogravimetric analysis was performed under a nitrogen
atmosphere using a Netzsch STA 449 F3 Jupiter simultaneous
TG-DSC  thermo-microbalance. An  alumina crucible
containing around 10 mg of the sample was heated in N, at a
rate of 5 °C min~" from room temperature to 800 °C.
Thermodiffractometric experiments were carried out in air
using a Bruker D8 Advance diffractometer (Cu Ka) equipped
with a variable-temperature stage (HTK2000), a Pt sample
heater and a Vantec high-speed one dimensional detector with
six degrees of angular aperture. The powder patterns were
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Fig. 2 (a) Observed (red dots), calculated (black lines) and difference X-ray powder diffraction patterns (blue lines) for the Le Bail analysis of the
phases. (b) Polyhedral representation showing the interlaminar space and (c) scheme of the double layered structure of NaVO,. Color code: V(1)Og

octahedra, pink; V(2)Og octahedra, purple; oxygen, blue; sodium, yellow.
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recorded in the 5 < 20 < 38° range (step size = 0.033° and time
per step = 0.5 s) at intervals of 15 °C, increasing the tempera-
ture at 10 °C min~" from room temperature to 810 °C. The IR
spectrum (KBr pellet) was obtained using a Bruker Vector 22
spectrophotometer in the 400-4000 cm™' range. Raman
spectra were recorded on a Renishaw Raman confocal
microscopy spectrophotometer using the 514 nm laser line for
excitation. X-ray photoelectron spectra were obtained using a
Specs (Berlin, Germany) system equipped with a Phoibos 150
1D-DLD analyzer, monochromatic AlKa radiation (1486.6 eV,
300 W, 13 kV) source and multi-channel detector. Spectra were
recorded in the constant pass energy mode at 80 eV for survey
spectra and 30 eV for high resolution spectra, with an electron
take-off angle of 90°. The spectrometer was previously cali-
brated using the Ag 3ds), line at 368.26 eV. The binding energy
of adventitious carbon (C 1s) was set at 284.6 eV to correct
sample charging. The spectra were fitted with the CasaXPS
2.3.16 software that models the Gauss-Lorentzian contri-
butions, after background subtraction (Shirley). X-band EPR
measurements were carried out using a Bruker ELEXSYS 500
spectrometer equipped with a super-high-Q resonator
ER-4123-SHQ, a maximum available microwave power of
200 mW and standard Oxford Instruments low temperature
devices. Samples were placed in quartz tubes and the spectra
were recorded at different temperatures between 5 and 300 K
using a modulation amplitude of 0.1 mT at a frequency of 100
kHz. The magnetic field was calibrated by an NMR probe and
the frequency inside the cavity (~9.4 GHz) was determined
with an integrated MW-frequency counter.

Electrochemical measurements

The electrodes were prepared by casting a slurry of a mixture
of the vanadium oxides, conductive agent (carbon Timcal
C45), and binder (5 wt% solution of polyvinylidene fluoride
dissolved in N-methyl pyrrolidone) onto a carbon-coated Al-foil
in a 70:15:15 mass ratio, respectively. The electrodes were
dried at 100 °C for 12 h under vacuum (_vac) or without
vacuum (_novac) and were then cut (@ = 11 mm), pressed and
transferred to an Ar-filled glovebox with water and oxygen
levels below 0.1 ppm. The electrodes dried under vacuum had
loadings around 1 mg and those dried without vacuum
between 2.28 and 4.40 mg. Swagelok type cells were assembled
against a lithium metal foil. The electrolyte consists of 1 M
LiPF, dissolved in 1: 1 v/v ethylene carbonate/dimethyl carbon-
ate (EC/DMC) solvent impregnated on a Whatman GF/D
porous glass fiber separator. Electrochemical evaluation of the
samples was made at room temperature in a Maccor Battery
Tester and a BioLogic VMP3 Multichannel potentiostat-galva-
nostat. Cyclic voltammetries with 4 cycles for every scan rate
were run, increasing from 0.1 mV s~ to 0.5 mV s~ and then
to 1.0 mV s~' in the voltage range of 1.5-4.5 V. Rate capability
measurements comprising repeated cycling at 15, 30, 75, 150,
300 and 600 mA g~' were made. Electrochemical impedance
spectroscopy measurements were performed using a three-
electrode configuration test cell (EL-CELL) with a lithium refer-
ence ring from 100 kHz to 5 mHz.

This journal is © The Royal Society of Chemistry 2020
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To uncover the structural mechanism upon electrochemical
cycling, in situ X-ray diffraction (XRD) coupled to electro-
chemical galvanostatic (GCPL) measurement was carried out.
For XRD measurement, a Bruker D8 Advance X-ray diffract-
ometer with CoKa radiation and equipped with a LYNXEYE
detector was used. For the electrochemical experiment, a
home-made electrochemical cell was used. This electro-
chemical cell with 18 mm inner diameter and equipped with a
Be window as a current collector was operated in reflection geo-
metry in order to obtain a correlative picture of the phase trans-
formation occurring upon cycling and to ascertain its impact on
electrochemical properties. Each XRD scan was collected every
0.05° between 15° and 55° (26). The active material was prepared
by mixing KVO, with carbon (Ketjen Black EC-600JD, Akzo
Nobel) in a ratio of 80:20. About 114 mg of this mixture were
placed in the cell against the Be window, below a Whatman GF/D
separator impregnated with 1 M LiPFs in EC:DMC (1:1 vol%)
and lithium metal foil as the anode. The cell was galvanostati-
cally cycled at a current density of 6.0 mA g™

Results and discussion
Morphology and structure description

FEG-SEM micrographs reveal different crystal morphologies of
the compounds (Fig. 1). NaVO, is constituted by brittle sheet
crystals, NHVO, exhibits square-shaped micrometric sheet crys-
tals and KVO, is formed by microspheres assembled of laminar
crystals of nanometric thickness (from 100 to 200 nm).

The inorganic framework of the laminar vanadium oxides
consists of V,0;5 bilayers forming infinite 2D [V,04,], sheets
separated by intercalated cations and water molecules (Fig. 2b)
inducing partial reduction to V**. The coordination environ-
ment of the two crystallographically independent V atoms has
been solved as distorted octahedra that share edges to define
double chains running parallel to [010], which arrange side by
side by interchain V-O(2) bonds through sharing the corners
of octahedra to form the slab (Fig. 2c). The interlayer d
spacing, corresponding to the most intense diffraction peak at 26
~ 3° from the (001) facet, is calculated to be 12.98, 11.15, 11.83
and 11.15 A for NavO,, NavO, HT, NHVO, and KVO, respect-
ively. Because the alkali content is almost the same in the
phases, ranging from 0.35 to 0.37 atoms per formula unit, it
could be claimed that the peak position change suggests that the
interlayer expansion is mainly governed by the intercalated water.

Taking into account the difference Fourier maps (Fops—
F.q1), characteristic electron density patterns can be observed
for each of the phases that suggest unique arrangements of
the host ions (Fig. 3). For NavO,, an electron density with sig-
moidal shape is located in the center of the unit cell,
suggesting a disorder around a special position. However, the
Fourier map shows an electron density peak in the special
position that is assigned to a sodium atom whose occupation
factor is allowed to vary reaching a value of 0.24(1), close to the
chemical occupation inferred from the ICP analysis, 0.175.
Two more electron densities located in general positions

Dalton Trans., 2020, 49, 3856-3368 | 3859
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o) o)

NaVOx_HT 0(2)

Fig. 3 Fourier maps of Fops—Fcac differences and interpretation of the
interlaminar electronic densities in the four phases.

around the sodium atom were attributed to the water mole-
cules O(6W) and O(7W) giving rise to a trigonal prismatic geo-
metry (Fig. 2b). When NaVO, is heated to 110 °C (NavO,_HT),
the sodium atom is delocalized in the two general positions.
As a consequence, the O(7W) water molecule leaves the struc-
ture by shortening the ¢ parameter, while the other electron
density attributed to the O(6W) water molecule loses intensity
with respect to its homologue at room temperature in agreement
with the thermogravimetric analysis. With respect to KVO,, a well
located maximum in the general position is observed and is
attributed to the potassium atom. In the case of NHVO,, a con-
tinuous electron cloud attached to the inorganic framework is
observed, suggesting disorder between ammonium ions and
water molecules. However, some more intense maxima are distin-
guished within the electron cloud, which were attributed to the
nitrogen and oxygen atoms corresponding to the ammonium ion
and the water molecule, respectively.

To the best of our knowledge, since the pioneering studies
of Oka®™**> and Whittingham*® on the hydrothermal synthesis

3860 | Dalton Trans., 2020, 49, 3856-3868
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of alkali-containing hydrated vanadium oxides, we have not
found any reports describing the title compounds. In particu-
lar, we have not found compounds combining d spacings and
f angle values above 11 A and 110°, respectively. Similar arche-
types such as [N(CH;),],M,V,05-nH,O (M = Fe,"”” Mn"®) display
monoclinic structures with f angles of 107° and 109° and
d(oo1) around 13 A, where tetramethyl ammonium and M>*
ions are suggested to reside in a disordered manner between
the oxide sheets. M, ,5V,05-H,O (M = Ca, Ni) compounds
solved by single crystal X-ray diffraction*® exhibit interlayer Ca
and Ni atoms located in the 4i and 2c positions, respectively.
The neighboring Ca sites are too close (around 1 A) to be occu-
pied simultaneously. Such difference in the location of the
interlayer ions seems to have a direct impact on the § angles of
the unit cell, being 95° in the Ni compound and 105° in the
Ca analogue.

In our case, the f angles are greater than 110° and therefore
a greater shear of the oxide sheets could suggest a possible dis-
order of the interlaminar species. We have tried to offer a
general overview of the structures whose inorganic buildings
have been solved by using ab initio calculations. The interlami-
nar electronic densities were interpreted from their Fourier
maps, but being aware of the location of the specific positions
of those light weight extra-framework species remains a chal-
lenge. In addition, with the current powder diffraction data,
the effects of the anisotropic line broadening and preferred
orientation, mainly due to the crystal morphology, hinder the
structure refinement.

Thermal and spectroscopic study

Thermodiffractometric (TDX) experiments disclose the
thermal stability of the phases which suffer structural trans-
formations due to the interlayer water content release, which
is found to be very different in the three phases according to
the thermogravimetric curves (Fig. 4a). In the case of NavO,,
the atomic reorganization is very sudden at 90 °C (Fig. 4b) and
coincident with the first thermal decomposition observed in
the thermogravimetric curve (30-90 °C), which can ascribed to
the loss of (H,0),.5; per formula unit. The structure of this de-
hydrated phase (NavO,_HT) collapses at 250 °C probably due
to the loss of more strongly hydrogen-bonded water molecules
[90-360 °C, (H,0)y 23]. For NHVO,, a continuous weight loss of
5.5% up to 430 °C is observed and attributed to the release of
the water content [30-200 °C, (H,0),.5] and the ammonium
ions [200-430 °C, (NH,), 37]. The water content release triggers
the progressive destruction of the crystalline framework of
NHVO,, which is stable up to 210 °C (Fig. 4c) after which the
most intense (001) reflection starts to decrease in intensity and
shifts to higher 26 angles due to the interlayer space collapse.
The crystallization of an ammonium containing a dehydrated
phase with smaller interlayer space also occurs, coexisting
with NHVO, up to 360 °C. From this temperature, the
ammonium ions release from the second phase and the V,05
(Pmmn) phase crystallizes as a decomposition product. KVO,
displays the lowest mass loss, being 1.5% at 360 °C, and is
attributed to the presence of more strongly bound water mole-

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) Thermogravimetric curves. Thermodiffractograms of (b) NaVO,, (c) NHVO, and (d) KVO,. (e) IR and (f) Raman spectra.

cules that could be considered protonated as has been
suggested in V,05-nH,O xerogels.’® The stronger character of
the interlayer water is also reflected in a greater thermal stabi-
lity of its crystal structure which shows no major changes up to
270 °C (Fig. 4d). Here, the phase begins to break down and a
potassium containing phase with a smaller interlayer space
also crystallizes, coexisting together until 360 °C. This phase
could not be isolated by thermal treatments in order to be
characterized but its thermal evolution was followed as a
single phase from 375 °C to 435 °C and a diffraction pattern
was measured at 380 °C. Starting from the unit cell parameters
of KVO,, a pattern matching of the high temperature phase
was performed in the same space group C2/m, obtaining the
following unit cell parameters: a = 12.032(3) A, b = 3.634(2) A, ¢
=10.974(3) A, and # = 94.69(2)°. An expected decrease of the
parameter c is observed together with a drastic change in the
beta angle which is reminiscent of the angles found in
vanadium oxide xerogels.>">>

The IR spectra of the compounds present the distinctive
vibrational modes of other similar vanadium oxide networks
as the double layered V,05-nH,0> xerogels and the interca-
lated M, V,05-nH,0°* structures. The strongest bands, centered
at 560 cm™', are related to the edge-sharing V-O stretching
vibrations, the bands located at 775 cm™" are attributed to the
asymmetric stretching vibration modes of V-O-V links and the
sharp bands at 1000 cm™' are attributed to the stretching
vibrations of the terminal V=0 groups pointing to the inter-
layer spaces. The bands at 3160 and 1402 cm™" are, respect-
ively, attributed to the asymmetric stretching and the sym-
metric bending vibrations of NH," groups as host ions in the
interlayer space of NHVO,. The bands at around 3500 and
1625 cm™' correspond to the stretching and bending
vibrations of water molecules. The highest frequency band is

This journal is © The Royal Society of Chemistry 2020

wide and not well resolved. However, in KVO,, a distinctive
feature can be observed; the band seems to unfold in a more
intense band located around 3400 cm™" (denoted by an aster-
isk in the inset of IR spectra of Fig. 4e). It is known that the
increased strength of hydrogen-bonding typically shifts the
stretch vibration to lower frequencies (red-shift). So, we have
concluded that the water molecules in KVO, are protonated,
H;0', in accordance with their greater thermal stability
observed in the TGA.

The Raman spectra of the compounds (Fig. 4f) exhibit
broad bands which have been compared and interpreted on
the basis of the fingerprint of a delta type potassium com-
pound, K, 5V,05,°>° which in turn, despite the difference in
their symmetry, took into account the V-O covalent network of
the V,05 orthorhombic structure (Table S5f). Phonon modes
below 400 cm™" are the product of the V-O bond bending
vibrations, while the higher-frequency modes are due to the
stretching vibrations. The high intensity of the Raman line
(signals By, and Bj,) usually observed in V,05; compounds
located around 145 cm™" is correlated with the long-range
order in the V-0 layers.>” The introduction of host ions into
the interlayer spaces results in a shift of the band to higher
wavelengths (166 cm™") as previously observed in K, 5V,05 and
the studied compounds. The very low intensity of the transla-
tional mode in KVO, and NHVO, could indicate local disorder
in the vanadium oxygen layers of the compounds. Unlike the
strong bands found in Ko 5V,05 at 784 and 887 cm ™, the title
compounds do not show Raman signals in this region as is
also observed in the «-V,0s structure. The antisymmetric
stretching modes of the V-O-V bridges that are Raman active
in this region are not visible because of their linear charac-
ter.”®> When the power was increased to 50% of the incident
laser beam some in situ phase transitions were observed. The
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bands corresponding to the translational modes gain intensity,
mainly in KVO, and NHVO,, and suffer significant shifts to
lower wavelengths in case of NavO, and NHVO,, from 166 cm™"
to 148 cm ™" and to 143 cm ™", respectively (Fig. $31). This mode
in KVO, does not undergo any shift that fits with a greater stabi-
lity of its delta type structure unlike what was observed for
NHVO, and NaVvO, which seem to be degraded to V,Os.

X-ray photoelectron spectroscopy (XPS) was performed to
assess the chemical composition and the charge state of the
vanadium of the title phases. The correct intercalation of the
corresponding host ions in the interlayer spaces was con-
firmed by the signals belonging to N 1s (401.8 eV), K 2p (292.8
and 295.6 eV) and Na 1s (1071.7 eV) (Fig. 5). The high resolu-
tion XPS spectra of V 2p display the V 2p;3, peak with the
broader signal of the V 2p,,, spin-orbit pair located at a higher
binding energy (~7 eV) (Fig. 5). The V 2p;/, core peak can be
deconvoluted into two components, V 2pz,,(v) (NHVO,: 516.3
eV, KVO,: 516.2 eV and NaVO,: 516.4 eV) and V 2p;;(v)
(NHVO,: 517.7 eV, KVO,: 517.6 eV and NaVO,: 517.8 eV),
denoting the coexistence of the V>*/V*" redox couple in the
vanadium oxide bronzes.

The peak area integration of the V 2p;, signals determines
the V°*/V*" ratio, being 1.40:1, 1.57:1 and 2.40:1 in the
NHVO,, KVO, and NaVO, phases, respectively. The V** content
determined by XPS is much higher in the studied compounds
than those observed in other delta type structures such as the
NH,V,0,, compound where the V>*/V*" ratios were found to
be around 3 : 1,473

V4+=29.4%

Na 1s V5+=70.6 %

|
NaVOx

V 2ps,
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Fig. 5 XPS spectra of NaVO,, KVO, and NHVO,.
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Doping on the vanadium site of NH,V,0,, has been proved
to be a good strategy to increase the V** proportion,>”** result-
ing in a V°*/V*" ratio of 2.33:1 in a Na-doped structure. The
authors observed a shift of the O 1s peak to higher binding
energies which is explained by the creation of oxygen
vacancies. The existence of V** proportions as high as 40% in
the KVO, and NHVO, surfaces, never before reported in delta
type structures, is probably a consequence of combining a V**
source (VOSO,) in the presence of a reducing agent such as
oxalic acid, which prevents total oxidation to V** during the
hydrothermal process giving rise to mixed valence systems.

The peaks at binding energies of around 530.3 and 531.3
eV are attributed to the O 1s orbitals of the O-V>* and O-V**
bonds, respectively, whose ratios are in good agreement with
the V>*/V** ratios estimated from the deconvolution of the V
2pss. signals. NavO, displays two small additional signals at
532.4 and 534.9 eV. The first one could be attributed to the
interlayer H,O molecules weakly linked to the inorganic build-
ing that start to release close to room temperature and cause
the structural transformation to NavO,_HT at 90 °C, as was
observed in the TGA and TDX. The latter signal probably
comes from the adsorbed moisture over the surface.

The EPR spectra of the freshly prepared samples only show
very weak signals at room temperature in the three com-
pounds, although the smaller linewidth in the case of NHVO,
favors its detection. In the samples kept in capillary tubes
open to the atmosphere, it can be observed that the intensity
of the signals increases slowly but significantly with time,
while their linewidths are reduced (Fig. 6).

After six months, resonances with the shape of the deriva-
tive of the Lorentzian function were easily detected, being
24.8, 18.4 and 13.0 mT for the peak-to-peak linewidths of the
Na, K and NH, compounds, respectively. The center of the
resonances gives a similar g value of 1.96 for all cases, which
is in good agreement with the g values reported for V** centers
in other vanadium pentoxide derivatives.’>®® As the tempera-
ture was lowered, a strong increase in the EPR signal intensity
was observed. Besides, some peaks from a hyperfine structure
due to the coupling of the electronic moment of the unpaired
V** electron with the magnetic moment of the *'V nucleus (I =
7/23) could be detected (Fig. S4t). From the magnetic field sep-
aration between neighboring peaks in the splitting, the paral-
lel hyperfine coupling constant could be deduced for the NH,
compound: Ay = 20.1 mT (gy; = 1.939). Actually, the observed
low temperature spectra correspond to the superposition of a
weak structured signal arising from isolated V** ions and a
broader resonance line, resulting from exchange coupled V**
ions in magnetically non-equivalent sites. A similar behaviour
has been previously observed in vanadium pentoxide gels®! or
vanadium oxide nanotubes.®*

Electrochemical study

Four successive cyclic voltammetry (CV) curves in the voltage
range from 1.5 to 4.5 V were first measured at a sweep rate of
0.1 mV s™' to investigate Li ion insertion and deinsertion be-
havior depending on the vacuum effect on the drying treat-
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Fig. 6 (a) X-band EPR powder spectra measured at different times (t1 = as-synthesized, t2 = after 1 month, t3 = after 6 months) for the three com-
pounds. (b) Time evolution of the linewidth and intensity of the EPR signals of the compounds.

ment of the electrodes. A cathodic scan (reduction process) is
first performed, followed by an anodic scan (oxidation
process). Electrodes dried under vacuum (_vac) display 2 main
cathodic peaks at around 2.47 V and 2.34 V, respectively, in the
first cycle (see the insets of Fig S51 for more detailed potential
values). NavO,_HT vac and KVO, vac undergo a shift of
20-40 mV to smaller potentials with the successive cycling up
to the fourth cycle and to higher potentials in the case of
NHVO,_vac. A significant decrease of the 2.47 V peak area is
also observed, suggesting capacity fading. In contrast, when
the vacuum is not applied (_novac), after the initial activation
cycle (the insets of Fig S5t), the peak positions and areas
remain almost invariant in the subsequent CV curves, demon-
strating excellent electrochemical reversibility and superior
cycling stability.

As the scan rate is increased up to 0.5 mV s~ and then to
1 mV s™', there is evidence of surface layer formation, deduced
from the greater current area in the first cycle compared with
the subsequent cycles.®® In addition, increasing the scan rate
enables better identification of the redox pairs at higher vol-
tages, mainly visible in the _vac samples. The cathodic-anodic
couples located at 2.85-3 V, 3.1-3.25 and 3.1-3.3 V in the
NHVO,_vac, KVO,_vac and NavO, HT vac samples, respect-
ively, display peak separations between 150 and 200 mV,
demonstrating a good reversibility of the Li insertion/extrac-
tion process. NavO,_HT_vac and KVO,_vac also show cathodic
peaks at 3.6 and 3.5 V, respectively, but the corresponding
anodic counterparts appear shifted more than 500 mV at vol-
tages higher than 4 V, suggesting a lower reversibility. Such an
anodic process could be associated with partial Na* and K*
migration and/or a possible oxidation of the electrolyte. Peaks
above 3 V are not so well defined in the _novac electrodes,
suggesting superposition of the electrochemical processes.
Here, electrolyte decomposition could be discarded and the
process at the highest voltage seems even more reversible in
NaVO,_HT novac in accordance with the 3.6-3.75 V cathodic-
anodic couple. Therefore, the vacuum-drying process could
involve partial migration of the alkali ions in NavO, HT vac
and KVO,_vac, electrolyte decomposition, and a decrease in

This journal is © The Royal Society of Chemistry 2020

the intercalation rate deduced by the gradual change in the
shape of the CV curves.

The compounds are mixed valence systems that could be
oxidized to +5 by charging the cell. Indeed, _novac electrodes
were charged up to 4.5 V, showing first charge capacities of
39 mA h ¢g7' for KVO, and NHVO, and 66 mA h g~ for
NavO,_HT (Fig. S67). Alkaline ions are arranged and supposed
to act as “pillars” between the vanadium oxide layers stabiliz-
ing the structure during lithium ion intercalation and de-
intercalation,">" although a part of them could be extracted
during the first charge.®® Interestingly, _vac electrodes were
not able to increase the potential above 4.0 V at 15 mA g~ in
the first charge forcing the measure to abort. In order to
compare the behavior of the active materials dried in both con-
ditions, all electrodes were previously discharged up to 1.5 V
and then cycled between 1.5 and 4.5 V (vs. Li/Li'). Fig. S7f
shows the first galvanostatic charge-discharge profile of the
electrodes at 15 mA g~ '. Discharge curves exhibit several
regions according to the changes in slope: (a) I, from 3.9 V to
3.2-3.0 V, corresponding to 9-15% of the total discharge
capacity, (b) II, from 3.2-3.0 V to 2.7-2.6 V, accounting for
15-20%, (c) 111, from 2.7-2.6 V to 1.8-1.7 V is constituted by a
two-step insertion of Li" in the host matrix and represents the
main cathodic process delivering 55-60% of the discharge
capacity, and (d) IV, from 1.8-1.7 V to 1.5 V which varies from
6 to 17% of the capacity depending on the sample. Segments I
to III are consistent with the voltages and intensities found in
the CV tests. Segment IV corresponding to an extra capacity
below 1.8 V may be ascribed to either partial V** reduction to
V¥ or the surface storage of Li*.*® NavO, HT vac and
KVO, vac electrodes deliver the highest initial capacities,
being 316 and 300 mA h g™, respectively, corresponding to
the insertion of 2.34 and 2.17 Li/f.u. reaching an average
vanadium oxidation state of 3.66+ and 3.74+, respectively. The
amount of Li" ions inserted into the host lattices is slightly
higher than the values reported in a similar material with the
formula Nag ;,V,05-0.01H,0.°° In the case of NHVO,_vac, the
highest discharge capacity recorded is 252 mA h ¢™* or 1.8 Li/f.u.
On the contrary, _novac electrodes display more moderate
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capacity values, which are 251 mA h g ' for NavO, HT,
238 mA h g~! for NHVO,, and 229 mA h g~* for KVO,. These
values correspond to 1.82 Li/f.u. for NavO,_HT and 1.7 Li/f.u.
for KVO, and NHVO,, which implies an average vanadium oxi-
dation state of around 3.92+ and 3.97+ at the end of the dis-
charge. Therefore, a V**/V** state is expected for the _vac elec-
trodes at 1.5 V, while the electrochemical role in the _novac
electrodes is practically only played by the V*/V®* redox
couple.

The rate performances of the electrodes were also investi-
gated (Fig. 7). The discharge profiles of the _vac electrodes
exhibit steep falls with a dramatic reduction of their specific
capacities as the current rate is increased, where the capacity
decay is really noticeable in NavO,_HT. On the other hand,
the main plateau around 2.5 V remains more robust in the

_novac electrodes as the rate is increased. In fact, the

NaVO,_HT_novac electrode displays the best performance
maintaining reversible discharge capacities over ten cycles at
each C rate by delivering average capacities of 249, 229, 205,
187, 167 and 134 mA h g™' at the current densities of 15, 30,
75, 150, 300 and 600 mA g™, respectively, with a notable cou-
lombic efficiency of 98.8% after 60 cycles (Fig. S87).

The highest discharge capacity values were normalized to
100% for each sample with the aim of emphasizing the differ-
ences in capacity retention as a function of current density
(Fig. 8). Clearly, the electrodes dried without applying vacuum
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Fig. 7 Charge/discharge profiles of the _vac and _novac electrodes at
different current densities, increasing from 15 to 600 mA g%,
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exhibit better capacity retention at higher rates than the _vac
homologues, being the response of the NavO, HT samples
worth mentioning. NavVO, HT novac retained 92, 82, 75, 67
and 55% of the initial capacity (15 mA g~') when the current
density was increased by 2, 5, 10, 20 and 40 times (30, 75, 150,
300 and 600 mA g~ '). Conversely, NavVO, HT_vac retained 69,
44, 32, 24 and 18% of the initial capacity with the same
current density increase. Potassium and ammonium electro-
des show intermediate trends but on the same lines as those
observed for the sodium electrodes.

Given this circumstance, the cycling stability at high rates is
expected to be ascribed to the disorder degree of the layered
structures after drying under vacuum conditions; the higher
the disorder degree, the lower the capacity retention under
cycling at higher rates.

An in situ XRD experiment was performed in order to eluci-
date the structural mechanism upon electrochemical cycling
of the phases. Fig. 9 shows a 2D plot of evolution of the XRD
patterns of KVO,_novac during the first two (dis)charge cycles
and the corresponding voltage vs. time curve. A priori, the
absence of new peaks during cycling suggests a solid solution
mechanism instead of a two-phase reaction. The evolution of
the cell parameter c is represented by the (001) Bragg diffrac-
tion peaks, namely (002), (004) and (005). It was not possible
to perform a sequential pattern matching because of the bad
signal-to-noise ratio of the less intense reflections and the
presence of artifacts (Al foil...) that overlap with KVO, peaks.
Therefore, (004) reflection was examined more deeply as it is
the only one isolated during the whole cycling. A peak fit with
FullProf was used to determine the evolution of its position
and intensity (Fig. S9t). The (004) peak position is found to
shift towards higher angles upon discharging concomitant to
a decrease of the peak intensity. Such behavior is reversed
during charging, indicating a decrease/increase of parameter ¢
upon the insertion/extraction of Li'. The analysis of the (001)

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) 2D plot of the in situ XRD experiment comprising the first
two cycles and the corresponding voltage vs. time curve for
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peaks. Straight reflection lines invariant during the whole cycling rep-
resent artifacts of the cell. The horizontal blank space is a gap of 15 h
due to a diffractometer failure. (b) Scheme of the possible structural
mechanism upon electrochemical cycling at very low current density.

peaks, including the (001) main line of the ex situ XRD pat-
terns of KVO, collected at various (dis)charging depths in Li
half-cells, reinforces the observed mechanism (Fig. S107). As
can be observed with the naked eye in Fig. 10, the parameters
a and b would be experiencing an opposite structural
response, that is, an expansion/contraction upon the inser-
tion/extraction of Li".

A similar structural response was recently reported for a
layered nickel orthotellurate based cathode for K-ion bat-
teries.®” For KVO,_novac, the expansion of parameter ¢ upon
Li" extraction would imply an enhancement in the electrostatic
repulsion between the vanadium oxide sheets and vice versa
during Li" insertion. In parallel, the opposite behavior of para-
meters a and b concerning intra-slab effects could be related
to the variations on the vanadium radius upon the oxidation/
reduction process. In detail, an analysis of the patterns
recorded at the limiting voltages, 1.5 V and 4.5 V, of the in situ
XRD experiment reveals peak broadening (Fig. S117). The most
plausible hypothesis to explain the peak broadening arises
from a disordering process resulting in microdomains with
different interslab distances. Given that the in situ XRD experi-
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Fig. 10 Charge transfer resistance evolution during the 2nd and 12th
charge/discharge cycles for the three vanadium oxide samples studied.

ment is carried out at a very low current density of 6 mA g™, a
possible migration of the potassium host ions was speculated.
Hence, for gaining a deeper insight into the phase evolution
process of the KVO, electrode, a Li half-cell was charged at
6 mA g~' from OCV. Fig. S12f shows a charge capacity of
49 mA g~ " up to 4.35 V, where a flat plateau is revealed gaining
an extra capacity of around 57 mA h g~ up to 4.5 V, which con-
firms the potassium extraction at 6 mA g~' resulting in a very
fast capacity fading. Such extra capacity was not accessible
when the cell was cycled at slightly higher current densities of
15 mA g~ ' (Fig. S61). The scheme of the structural degradation
mechanism interpreted from the in situ XRD experiment is
proposed in Fig. 10b.

To gain a deeper understanding of the electrochemical
behaviour of _novac electrodes, electrochemical impedance
spectroscopy (EIS) was performed during the second and
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twelfth charge-discharge cycles at 75 mA g~ (Fig. S131). The
EIS spectra of all phases at different representative voltages are
illustrated in Fig. S14.f A model with 4 elements was used to
fit the spectra for all samples; 3 RC elements and a Warburg
diffusion element. In some cases, the diffusion process was
not completely observed due to the very low frequency needed;
therefore, it had to be modeled with a fourth RC element
(Fig. S15%).

The high frequency region is consistent with resistance due
to the surface film or contact resistance with the current collec-
tor, the middle frequency region describes the charge transfer
process and the low frequency (sloping line) corresponds to
the Li" solid state diffusion within the vanadium oxides. After
the fitting all resistances were extracted and compared.
Constant values or little variations were found in all cases,
except for the charge transfer resistance (Rcr) in the three
vanadium oxides (Fig. 10).

During charge transfer, Rer tends to decrease while Li' is
extracted from the material. Upon discharge, when Li" is
inserted in the vanadium oxide structure, the charge transfer re-
sistance increases. This is consistent with the interslab distance
changes described in Fig. 9; as Li" is removed, the interslab dis-
tance increases due to electrostatic repulsion, facilitating
further Li" extraction. The opposite trend is observed on Li"
insertion. The fact that Rcr fluctuates following the same trend
and showing similar maxima and minima for all samples is an
indicator of the structural origin of this behaviour, which is
independent of the pillaring ion (Na', K" or NH,").

An interesting difference observed in the Rqr variations is
found at the voltage where the plateau occurs, around 2.2-2.4
V. KVO, and NHVO, show sudden jumps in Rcr values from
2.4 to 2.2 V on charge and vice versa, from 2.2 to 2.4 V, on dis-
charge. This phenomenon could be related to the structural
changes that took place in the solid solution reaction mecha-
nism. In fact, both the (004) and (005) peaks of KVO, show a
change in the shift rate at around 2.2-2.4 V upon charge and
discharge (Fig. S117). On the contrary, NavO,_HT does not
exhibit such a sudden change of Rcr around the plateau,
instead, the transition is more progressive. This could indicate
smoother structural changes in the case of NavO, HT and
could possibly explain its superior electrochemical behaviour.
Supporting this fact, the Rcr of NavO,_HT describes a less pro-
nounced increase of its values during the Li" uptake in the dis-
charge process of the 12th cycle reaching a value of 22 ohms at
1.6 V. KVO,, and NHVO,, conversely, display larger values of 56
and 53 ohms, respectively, at the end of the discharge. Further
experiments are needed to fully understand the correlations
observed between the structural changes and charge transfer
phenomena in these types of vanadium oxides.

Conclusions

Three mixed valency vanadium oxides with double layered
delta type structures were synthesized via a single hydro-
thermal process. The interlayer spacing of the structures is
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modulated by the water content and the alkali (Na’, K) and
ammonium ions which display distinctive arrangements in
their corresponding structures. According to XPS, an unusually
high v** content was found in the V,05 based matrices which
must be due to the combination of a V** salt and a reducing
agent during hydrothermal treatment. The monitoring of the
V*" EPR signal over time points to some metastability when
the phases are exposed to air. The thermal behavior of the
phases is conditioned by the nature of the crystallization of
water molecules. For instance, NavVO, undergoes a sudden
structural transformation due to the loss of weakly hydrogen-
bonded water molecules below 100 °C and KVO, displays the
highest thermal stability limit due to the presence of proto-
nated water molecules. The electrochemical properties of the
phases are highly dependent on the vacuum-drying process of
the electrodes. CV curves demonstrated excellent electro-
chemical reversibility and superior cycling stability for the elec-
trodes just dried at 100 °C. However, under a vacuum drying
treatment, the electrodes suffer more capacity fading and poss-
ible partial migration of the alkali ions in NavO, and KVO,.
Rate capability also revealed better capacity retention for the
electrodes treated without drying, where the NavO,_HT_novac
electrode showed the best electrochemical performance. Alkali
and ammonium ions are supposed to act as efficient pillars
between bilayers to yield a stable interlayer contraction/expan-
sion during lithium insertion/extraction. Such a role as struc-
tural stabilizers during cycling is compromised by an
inadequate drying treatment of the electrodes giving rise to
rapid capacity fading. The application of very low current den-
sities during Li" cycling also triggers K' complete extraction in
KVO, at high voltages inducing the collapse of the V-O slabs.

Hence, the evaluation of the phases as intercalation-elec-
trode materials for LiBs deserves further studies in structural
and cycling stability testing, redefining a stable potential
window to avoid irreversible reactions and evaluating the
optimal procedure for the manufacture of electrodes.
Furthermore, our findings might also open up possibilities to
discover new applications for the archetypes presented here.
The possibility of extracting alkaline ions that act as structural
stabilizers against the insertion/extraction of Li" could be seen
as the advantage of the material to be used, for instance, as
the next generation high voltage cathode materials for potass-
ium ion batteries.®® 7!
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