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ABSTRACT: Cation doping is an effective method to alter the
local structure and electronic state of V,0O;. While it remains a
great challenge to experimentally understand whether the doping
cations prefer to replace the V ions or reside between the V,0O;
layers, namely, substitutional or interstitial positions. In this work,
cation-doped V,O; with different elements M (M = Mn, Nj, and
Fe) were synthesized via a hydrothermal method since V and M
ions can uniformly distribute in the solution to obtain a
homogeneous target material. The impact of doping cations on
the local structure of V,0O; is revealed. Multitechniques
demonstrate the existence of a small portion of V*" in the doped
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samples resulting from the electronic structure change of V. Although the results do not directly certify where the doping cations lie

in the V, Qg structure, all information together provide a hint that the
rather than the substitutional positions.

1. INTRODUCTION

Vanadium pentoxide (V,05) has received intensive application
in catalysis, sensors, electrochromic devices, and electro-
chemistry and as a host material for reversible Li*/Na*
(de)insertion because of its layered structure."” Cation doping
is an effective method to modify the structure and electronic
state of electrode materials. In the past decades, a lot of work
focused on the doping of V,0g nanostructures with various
elements to overcome the capacity fading and improve the rate
capability in Li-ion batteries (LIBs) and Na-ion batteries
(NIBs).”* The doping can increase the electronic conductivity,
stabilize the crystal structure of V,0O; during cycling, and
facilitate the charge transfer.”* However, an excess of dopant
may block the pathway and reduce the usage of active
materials, thus negatively affecting the capacity. In addition,
impurities or second phases might be induced by an excess of
doping cations, which might, in turn, harm the electrochemical
performance of materials. Although cation doping is proven to
be an effective approach to improve the electrochemical
performance of LIBs and NIBs, it remains a significant
challenge to fully understand whether the doping cation prefers
to locate the substitutional or interstitial positions and the
impact of doping cation on the local structure of V,0s. Note
that substitutional and interstitial doping means that the doped
element either replaces the V ions or resides between the V,O;
layers, respectively.
© 2022 The Authors. Published by
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doping cations may prefer to reside on the interstitial positions

Since in the case of doping (especially for semiconductors), the
degree of the doping level is well below 0.1%, doping has no
significant influence on the (nonlocal) underlying structure. To use
the term “doping” is quite common for battery materials research
even if the dopant concentrations are high and cause structural
modifications. One should note that “doping” is not accurate or
appropriate enough to describe such cases. However, it is a great
challenge concerning the specific “wording” like this, and “doping”
is still used in this manuscript.

So far, it is unknown whether the preferred site occupation
of doping cation and the effects of doping cation on the change
of local structure depends on the synthesis route or is
associated with the nature of doping cation or maybe both. As
demonstrated in previous works, the doping cations, for
example, Zn** *° and Cu®**>° in V,0q aerogel/xerogel, Cr**’
and Fe*" * in crystalline V,0s, locate in the interlayer spacing/
residing between the V,0; layers. In these works, a
preprepared V,0; hydrogel (V,05nH,0) was used as a
starting material to obtain the doped material, followed by
mixing with a stoichiometric amount of Zn or Cu powder,
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Cr(NOs;); or FeCly solution, with or without following heat
treatment. However, all of the doping cations would be
expected as interstitial doping in these cases since no uniform
solution was used. Our aim is to properly study the preferred
site occupation of doping cation by applying a uniform
solution during synthesis. For this purpose, materials in this
study were synthesized through a hydrothermal method
enabling cation doping with M (M = Mn, Nj, and Fe) into
V,0;.” This way, all of the starting materials were dissolved
into an aqueous solution, in which the V and M ions can
uniformly distribute in the precursor material to obtain a
homogeneous target material after heat treating the precursor.

To gain a complete understanding of preferred site
occupations and doping cations on the local structure of
V, 05, several advanced techniques are used including chemical
analysis, synchrotron radiation powder diffraction, pair
distribution function analysis (PDF), Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS), *'V nuclear magnetic
resonance (NMR) spectroscopy, magnetic measurements, and
X-ray absorption spectroscopy (XAS).

2. EXPERIMENTAL SECTION

2.1. Synthesis of M-Doped V,0; Materials. Pristine and M-
doped V,05 (M = Mn, Nj, and Fe; target M/V = 5% and 10%) were
synthesized via a hydrothermal method. MnCl,, NiCl,, and Fe(NO;),
were used as starting materials to provide the corresponding amount
of Mn, Ni, and Fe. Typically, 1.0 mL of 2 M HCIl, ammonium
metavanadate (NH,VO,, 0.3 g for pristine V,05) with a molar ratio of
M/V = S and 10%, and 0.5 g of surfactant P123 (EO,,PO,EO,,
where EO and PO represent ethylene oxide and propylene oxide,
respectively) were mixed into 30 mL of deionized water under
ultrasonication for 10 min and a consequent stirring for 1 h. After
that, the mixed solution was transferred to 50 mL Teflon-lined
autoclaves and maintained at 120 °C for 24 h with intermittent
stirring in an oven. The resulting precipitates were filtered and washed
with distilled water and acetone several times, and then dried under
vacuum at 120 °C for 24 h. The final products were obtained by
annealing at 400 °C for 2 h in air with a heating rate of 10 °C/min.

2.2. Morphological, Structural, and Surface Character-
ization. The morphology was studied with a Zeiss Supra 55 scanning
electron microscope (SEM) with primary energy of 15 keV. The
structural characterization was performed using synchrotron radiation
(A = 04132 A, 30 keV) at the Material Science and Powder
Diffraction beamline (MSPD) at ALBA synchrotron (Barcelona,
Spain).'’ The diffraction pattern was collected in a capillary by
powder filled in a 0.7 mm @ borosilicate capillary. The synchrotron
diffraction data were analyzed by the Rietveld method using the
Fullprof software package.'' The crystallographic model was chosen
from Shklover and Haibach’s work'” for the Rietveld refinement of
doped samples.

2.3. Pair Distribution Function Analysis. X-ray total scattering
data, suitable for PDF analysis, were obtained using synchrotron
radiation (A4 = 0.2072 A, 60 keV) at beamline P02.1, PETRA III,
DESY, Hamburg."> The powder material was filled in a 0.7 mm @
borosilicate capillary for PDF measurements, and an empty capillary
of borosilicate type was measured for background corrections. A LaBg4
standard material (NIST SRM 660b) was measured under similar
conditions to get the instrumental resolution (QdamP = 0.018 A™).
The measurements were carried out with a fast area detector from
PerkinElmer to collect 2D diffraction images, and then the data were
converted into one-dimensional total scattering data with DAWN
Science software.'* The data were corrected for background
scattering, Compton scattering, and detector effects. Data were
Fourier transformed to Q. = 19.7 A™' to obtain the PDF G(r)
within PDFgetX3."® Structure models were refined against the PDF
data within PDFgui.'®
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2.4. X-ray Photoelectron Spectroscopy. XPS was performed
using a K-Alpha' instrument (Thermo Fisher Scientific) with a
monochromatic Al-Ka X-ray source (1486.6 eV) with 400 um spot
size. The sample storage and transportation to the spectrometer for
XPS characterization were carried out in an airtight transport vessel
under Ar. Thermo Avantage software was used to perform data
acquisition and processing as described elsewhere.'” The spectra were
fitted with one or more Voigt profiles. All spectra were referenced to
the C 1s peak of adventitious hydrocarbons at 285.0 eV. The analyzer
transmission function, Scofield’s sensitivity factors,'® and effective
attenuation lengths (EALs) for photoelectrons were applied for
quantification, and EALs were calculated using the standard TPP-2M
formalism."?

2.5. Raman Measurements. Raman measurements were carried
out with a LabRam Evolution HR from Horiba equipped with Nd:
YAG laser (633 nm, 100 mW) and a CCD detector (Horiba). To
collect the Raman spectra of all samples, a 600 grating was used to
split the measurement signal with a X100 objective (NA 0.95), and
the data collection was conducted for 30 seconds with a laser source
of 1 mW.

2.6. °'V Magic-Angle Spinning Nuclear Magnetic Reso-
nance. *'V MAS NMR spectroscopy was performed with a Bruker
Avance 200 MHz spectrometer at a magnetic field of 4.7 T,
corresponding to a Larmor frequency of 52.6 MHz. Spinning was
performed with 1.3 mm zirconia MAS rotors at 5SS kHz. The spectra
were acquired with a Hahn-echo pulse sequence, a /2 pulse length of
1.5 us, and a recycle delay of 5 s. The chemical shift of 'V was
referenced to VOCI,.

2.7. Ex Situ XAS Measurements. Ex situ XAS measurements
were performed at synchrotron beamlines P64 and P65 at PETRA III
(DESY), Hamburg. XAS spectra of vanadium were recorded in quick-
XAS (6 min/spectrum) mode in fluorescence geometry using a PIPS
(passivated implanted planar silicon) diode. The V, Mn, Nj, and Fe K-
edge for doped V,05 were measured, and the energy was calibrated
utilizing a corresponding foil V, Mn, Ni, and Fe as commonly applied
in XAS experiments. V,0;, VO,, V,05, MnO, Mn,0;, MnO,, NiO,
FeO, Fe;0,, and Fe,0; were used as standard materials, respectively.
All of the data were collected at room temperature with a Si(111)
double-crystal monochromator, and all of the XAS spectra were
processed using the DEMETER software package.*

2.8. Magnetic Properties. Magnetic properties were measured
using the vibrating sample magnetometry (VSM) option installed
onto a DynaCool Physical Property Measurement System (PPMS)
from Quantum Design. Magnetic moment field vs temperature was
measured in zero-field cooled (ZFC) and field cooled (FC) mode at a
magnetic field of 5 kOe from 2 to 300 K with a temperature resolution
of AT = 1 K. Temperature settle mode was used from 2 to 50 K and
temperature sweep mode (2 K/min) from 50 to 300 K. Since the
ZFC and FC curves coincide over the complete temperature region,
only the FC curves are shown in this work. A sample holder
“touchdown” was performed every 20 K for precise maintenance of
the sample centering (causing some artifacts at high temperatures
with low total magnetic moment). The relatively high magnetic field
for the temperature scans was chosen to maximize the total measured
magnetic moment from samples that exhibit a very low total magnetic
moment. Magnetic moment vs field was measured at 2 K from 0 to 70
kOe (uoH = 7 Tesla). The measured raw data were corrected for
diamagnetic contributions from the sample holder (32, = —2.5 x
107 cm®/holder) and for diamagnetic contribution from the V** and
O” ions by the incremental method”' to }(fl,ifos =—-1.59 X 107° cm?®
mol ™. Fe-doped samples were not considered for evaluation due to
their multiphase nature.

3. RESULTS AND DISCUSSION

3.1. Chemical Analysis. The doped samples were analyzed
by using inductively coupled plasma optical emission spec-
troscopy (ICP-OES)** to determine the content of doped
element M in the doped V,04 materials. Table 1 provides the
determined M/V molar ratio from ICP and estimated
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Table 1. Determined M/V Molar Ratio from ICP, Estimated
Stoichiometry for M-Doped V,05 (M = Mn, Ni, and Fe),
and Their Short Names

M/V molar ratio determined short

sample (%) stoichiometry name
Mn/V = 5% 0.5 Mng V>0 Mn01

Mn/V = 10% 0.8 Mny 416V,05 Mn02
Ni/V = 5% 0.6 Nigo1aVOs Ni01
Ni/V = 10% 11 Nigg23V,0s Ni02
Fe/V = 5% S.5 Fey1,V,05 FeO1
Fe/V = 10% 119 Feg2,V,05 Fe02

stoichiometry for M-doped V,05 (M = Mn, Nj, and Fe; target
M/V =5 and 10%) samples. Therefore, the chemical formula
for doped samples is estimated as Mng,V,05, Mngg,6V,Os,
Nip12V205, Nig23V,05, Fep11V,05, and Feg,,V,05 according
to ICP results. To easily describe the samples, short names are
shown in Table 1 for M-doped V,0;. Note that the atomic
ratio of Mn/V and Ni/V is far from the desired value owing to
the loss during the hydrothermal synthesis, where only a small
amount of Ni and Mn dopes inside the structure and most of
the metal remain in the solution and is washed away.

3.2. Morphological and Structural Characterization.
The crystal structure of the pristine and doped V,0; was
investigated by synchrotron radiation diffraction, as displayed

in Figure S1. The narrow reflections with strong intensities
reveal the high crystallinity of all obtained materials. For the
pristine V,05, Mn01, Mn02, Ni01, and Ni02 (Figure Sla—e),
all reflections could be indexed according to the non-
centrosymmetric orthorhombic V,0; with space group
Pmn2,,">** while some additional reflections are obtained for
Fe0l and Fe02, in addition to the main phase of orthorhombic
V,0s. The additional reflections belong to a minor amount of
monoclinic Fe,V,0;; phase with a space group of P21/c,
whose amount is 1 and 5 wt % for FeOl and Fe02, respectively.
The synthesis of Fe-doped samples is quite close to that of
Fe,V,0,; as reported in the literature, which may lead to the
formation of impurity Fe,V,0;; *Table S1 displays the
starting atomic coordinates of the structural model
(M, V,04)"* for Rietveld refinement. M1 and M2 represent
the substitution of V sites (M1) and the interstitial position
between the layers (M2) for the doped element M,
respectively. The lattice parameters are listed in Table S2
after Rietveld refinement. The pristine V,Og has a = 11.5084
(1) A, b=4.3739 (1) A, and ¢ = 3.5640 (1) A, which are close
to those values given in the previous work.'”> However, the
large volume difference between both pristine V,0g materials
synthesized in this work and Shklover’s work'” could be
attributed to the significant difference between the two
synthesis methods, where it requires a high temperature to
melt V,0; during the single crystal growth. The lattice
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Figure 1. C 1s (left column), V 2p and O 1s (middle column), and V 2s, Mn, Nj, and Fe 2p (right column) X-ray photoelectron spectra of pristine

and doped materials.
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Figure 2. °'V MAS NMR spectra of pristine and doped materials.

parameter ¢ remains almost unaffected by the doping. The
lattice parameter a shows a slight decrease in both Mn-doped
samples, while a shows a slight increase in Ni-doped samples
compared with the pristine one. The lattice parameter b for all
Mn- and Ni-doped samples first slightly decreases and then
increases along with the increasing content of doping cation,
compared with that of the pristine one. For Fe-doped samples,
the lattice parameters a and b show larger changes with the
continuous increase of a and decrease of b. The different
behaviors of lattice parameters for different samples are related
to the radius/oxidation state and the amount of doping cation
in each sample, as well as different amounts of V*" in the
structure caused by doping. The significant changes in lattice
parameters for Fe-doped samples may suggest that the doping
amount of Fe inside the structure is larger than that of Ni- and
Mn-doped ones. Moreover, magnetic measurements (in later
discussion) show the diamagnetic nature of pristine V,Os,
confirming the V** of the overall pristine sample. Negative
occupancies for the M1 sites are observed for all doped
samples after the Rietveld refinement. On the other hand,
Rietveld refinement confirms the positive occupancies of
interstitial sites for M-doped V,0;. The results indicate that
there is a higher possibility for dopants to lie on the interstitial
position than that on the substitutional position. As displayed
in Figure S2, SEM demonstrates that two Ni-doped samples
are composed of both nanowires and nanoparticles, while all of
the other samples consist of nanoparticles.

To further study the effect of doping cations on the local
structure of V,0;, Raman spectra were collected for pristine
and doped materials, as displayed in Figure S3. Pristine V,Og
exhibits typical Raman bands as reported in the previous
work.”> Compared with the pristine V,05, the Raman spectra
of all doped materials do not show a significant shift of the
main peak of V,05. Two additional bands at 651 and 867 cm™!
are observed, and the intensities increase along with the
increase in the doping Mn amount. Several additional bands
between 750 and 1200 cm™" are also obtained for Fe-doped
samples; some of them might be attributed to the impurity
Fe,V,0,;. Interestingly, no clear difference is observed for the
two Ni-doped samples.
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X-ray photoelectron spectroscopy (XPS) was used to
investigate the surface chemistry and surface elemental
composition of pristine V,05 and doped V,0Og materials,
which gives information of around top 10 nm of the surface
(according to the applied X-ray energy 1486.6 eV). According
to Figure 1 (left column), the C 1s spectrum of all samples can
be fitted with 4 peaks at 285.0, 286.5, 288.0, and 289.3 eV,
which are ascribed to the C—C/C—H, C—0O, C=0, and
O—C=0 groups, respectively. O—C, O=C could be
attributed to the residual surfactant symmetric triblock
copolymer P123, which consists of poly(ethylene oxide)
(PEO) and poly(propylene oxide) (PPO) and was present
during synthesis. There is also residual potassium to be
detected on the surface at around 293.2 eV for K 2p;/,. The V
2p spectrum of all samples (Figure 1, middle column) can be
fitted with two doublets: a main one with V 2p;/, at around
517.9 eV and a second one with weak intensity at around 516.7
eV, which indicates that V exists mainly in the oxidation state
+5 with a minor contribution of vanadium in the +4 state with
very similar ratios of V3*/(V* + V**) (93.4, 93.8, 93.1, 93.6,
94.9, 94, and 93.1%, for pristine, Mn01, Mn02, Ni01, Ni02,
Fe01, and Fe02 samples, respectively). The minor V** on the
surface of pristine V,05 could be assigned to the reduction of
residual surfactant P123 during the annealing at 400 °C. It
implies that the oxidation state of V is only slightly influenced
by the cations doping when considering the residual surfactant
P123 having the same effects for all samples. The O 1s
spectrum of pristine V,0O4 can be fitted with three peaks at
533.1, 531.8, and 530.7 eV, which correspond to the O—C,
O=C, and V—O groups.”” >’ In contrast, it is very difficult to
get the oxidation state of the dopant M (a clear analysis needs
multiplet fitting””) because of the low intensity of Ni 2p, Fe 2p,
and Mn 2p. In the case of Mn-doped samples, an extra
dimension of complexity hinders the oxidation state analysis,
namely, the overlapping of the Mn 2p spectrum with V 2s (as
well as Mn 3s with V 3s and Mn 3p with V 3p) (Figure 1, right
column). However, the approximate peak barycenter of Fe 2p
at around 711.5 eV and a weak satellite at around 720.5 eV can
give a hit on the Fe" state.
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Figure 3. Zoom into the (a) PDFs and PDF fitting of (b) pristine V,05, (c) Mn01, (d) Mn02, (e) Ni01, and (f) Ni02.

Figure 2 displays the 'V MAS NMR spectra of pristine and
doped materials. The spectrum of pristine V,05 exhibits an
isotropic shift of —609 ppm, which is attributed to V mainly as
diamagnetic V°*, being characteristic for V,05>" Furthermore,
this spectrum shows a broad pattern of spinning sidebands
reflecting the large nuclear quadrupolar moment of the *'V
nucleus’” and the asymmetric environment around V in the
crystal structure of V,0;. In this sample, V should be
exclusively in the diamagnetic state V°* (3d°). For the samples
doped with Mn, Ni, and Fe, the intensity of the spectra is
significantly reduced. In all three cases (Mn-, Ni-, Fe-doped),
the intensity of the NMR peak is lower for the higher Mn/Ni/
Fe concentration. This decrease in intensity is caused by the
reduction of V** to V** or, in other words, by the stabilization
of the 3d" states, i.e., unpaired electron spin density is formed
at the V atoms which is causing a strong broadening of the >'V
NMR signal beyond detectability. This is in good agreement
with XPS and magnetic results below. This behavior clearly
shows that the additional elements (Mn, Ni, or Fe) are
incorporated into the crystal structure of V,0;. The
stabilization of the 3d' states will cause the formation of
small polarons which in turn will increase the conductivity of
the material, but the local distortions can also impede the
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lithiation of V,05”* Moreover, the Fe-doped samples show a
weak signal at —268 ppm.

PDF analysis is sensitive to the local atomic ordering and is
applied to investigate the influence of doping on the structure.
Figure S4a compares the PDFs of all samples. No major
differences can be observed at first glance regarding the
coherence length or intensity of the PDF peaks. This indicates
that all samples reveal the same degree of crystallinity as the
reference V,Og sample (in black). On the other hand, small
shifts in Figure S4b are observed compared with reference
V,0s, revealing differences in the global structure owing to
different cell parameters as proven by XRD (Table S2).

The local structure, represented by the PDF in Figure S4c,
does not show any major alterations as well The most
pronounced changes affect the first peak (Figure 3a),
corresponding to the V=0 vanadyl bond (1.59 A). The first
two peaks correspond to the V=0 vanadyl bond and the V—
O equatorial bond (Figure SS), respectively, and coincide well
with the expected values given in Table S3. The changes in the
V=0 and V-0 bond lengths caused by cation doping are
depicted in Figure S5a,b. Both bond lengths are shortened in
the doped samples but with rather small changes, <1%. More
obvious changes can be observed for the integrated intensities
of both types of bonds, ie., the vanadyl and the V—O bond
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Figure 4. XANES spectra and phase-uncorrected Fourier transforms (FT) of (a, d) V K-edge, (b, e) Ni K-edge, and (c, f) Fe K-edge EXAFS (k’-

weighted) for pristine and doped materials.

(Figure SSc,d), where the integrated intensities of the PDF
peaks correlate to the amount of the respective atom—atom
distances. The amount of vanadyl bonds is clearly decreased in
the doped samples, while an increased intensity of V—O bonds
can be observed, indicating the increased amount of V—O
bonds. Note that these bonds represent metal—oxygen (M—O)
bonds in general because V, Mn, and Ni cannot be
distinguished using X-rays due to their similar electron density.
Nevertheless, it is possible to ascribe typical bond lengths in
the pair distribution function, for example, the unique bond
length of 1.59 A for the V=0 vanadyl bond. Nevertheless, the
local structure of V,Oy is changed by cations doping although
interstitial or substitutional doping cannot be concluded by
PDF. However, the Ni02 sample shows a different behavior
compared to the others, which may suggest that the doping
mechanism is different for Ni02. This point needs to be
clarified in a further study with the help of other techniques
such as neutron-based diffraction/PDF. All PDFs could be
fitted using an orthorhombic V,0; structure model with the
space group Pmn2, (Figure 3b—f). The overall symmetry and
all cell parameters are not significantly changed by cations
doping. As a result, only minor volume changes are observable,
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as shown in Figure S6. On the other hand, the values obtained
from Rietveld refinement (XRD) stay almost constant at
~179.4 A’ 1t is not uncommon that the absolute values
obtained by XRD and PDF analysis differ because different
amounts of atoms in the structure are averaged over.
Moreover, PDF is a total scattering approach and can detect
even minor changes in the structure, which are not accessible
by analyzing the Bragg intensity only (XRD). The relative
volume change from PDF is not as one would expect it by
simply comparing the cation sizes (Figure S7), where V** has
the smallest radius, indicating that Mn and Ni are maybe in a
highly oxidized state. Nevertheless, due to the similarity of the
doped cations and the observation, that the local structural
changes are mainly caused by the different amounts of V** in
the structure, PDF analysis is not able to provide solid
evidence about the location of the dopants in the local
structure of the doped V,O;.

To investigate the oxidation states and local electron
environment of vanadium and dopants, XAS was performed
for the pristine and doped samples. The edge position of the V
K-edge in the pristine V,0; material is slightly lower than that
of standard V,Os reference (Figure 4a), indicating that the
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oxidation state of V in V,0Os is mainly +5 and in good
agreement with the XPS and magnetization results below.
Moreover, an intense pre-edge peak for the V K-edge of
pristine V,QOj is observed, which is attributed to the transitions
between the 1s and bound p-hybridized d-states’®”> when the
centrosymmetric character of the V site is lost. This may
suggest that the noncentrosymmetric setting (space group
Pmn2,) is more appropriate in this case compared with the
centrosymmetric one (space group Pmmn) because the
increase in symmetry leads to a decrease in the prepeak
intensity owing to the decreased probability of the 1s—3d
transition.”” Interestingly, the edge position of V K-edge in all
doped V,0; samples is slightly lower than that of pristine V,05
(Figure 4a), demonstrating that the average oxidation state of
V in doped samples is slightly lower compared with the pristine
sample. The edge position of Ni K-edge for both Ni-doped
V,0; materials overlaps with each other (Figure 4b). Figure
4b,e suggests that the oxidation state of Ni is +2 in both Ni-
doped materials. Figure 4c shows that the oxidation state of Fe
is +3 for both Fe-doped samples. The two compositions with
Ni and Fe doping have a slightly reduced oxidation state of V.

The local structure of V ions was further investigated by
analyzing the phase-uncorrected Fourier transform (FT) (k-
weighted) of the V K-edge extended X-ray absorption fine
structure (EXAFS). It exhibits two FT peaks at 1.0 and 1.55 A
corresponding to the V—O bonds in distorted [VOg]
octahedra and one FT peak at 2.76 A assigned to the V-V
shell for pristine V,05 (Figure 4d).*°7 After doping, only
Ni02 shows an increase in amplitude at both V—O bonds,
while Mn01 displays an increase in the amplitude of V=0 at
1.0 A and a decrease in that of V—O at 1.55 A, which is in
good agreement with the PDF results; the rest of the samples
show a decrease of both V—O bonds. This indicates that the
local structure of V has changed to less distorted [VOq]
octahedra of high symmetry from [VO;] pyramids in Ni02 and
to highly distorted [VOg] octahedra from [VO;] pyramids in
the other doped samples since the smaller amplitude it has, the
more distorted is the octahedron, leading to lower symmetry of
V. The different behavior may suggest a different doping
mechanism for the Ni02 sample, which needs further study
using neutron-based techniques, as pointed out in the PDF
part. The introduction of doping ions changes the valence of
the vanadium ions and lattice structural distortion, which is
evident in the local symmetry of the VOg4 octahedra.”” Fourier
transforms (FT) of M (M = Ni and Fe) K-edge EXAFS spectra
for all doped compounds (Figure 4e,f) show strong interaction
in the M—O shell and low amplitude for the M—M shell.” As
in the case of the Fe- and Ni-doped samples, the first shell
represents the main signal, and the Ni—Ni and Fe—Fe
contributions are negligible. The contribution of a two-body
M—M interaction is not significant in these samples, which
can be due to the doping in the host V,Oj structure. However,
high-quality Mn K-edge spectra for both Mn-doped samples
are not available probably because of the very low
concentration in the doped samples.

Magnetic properties of pristine and doped V,0; were
investigated to get information about the electronic config-
urations of V and M ions and their concentrations. The
diamagnetic nature of V,0; with V** in the [Ar] electronic
configuration is confirmed by the absent magnetic signal even
at a very low temperature (10 K) and high magnetic field (10
kOe). The difference between magnetic and XPS results could
be understandable since magnetic measurements are a bulk
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method and sensitive to V*, while XPS is a surface-sensitive
method with information depth of around top 10 nm of the
surface. This indicates that the concentration of V* in the
overall pristine sample is precious few. In contrast, the Ni- and
Mn-doped samples exhibit Langevin-type paramagnetism
caused by localized magnetic moments with the magnetization
signal inversely proportional to the temperature (Figure S8).
According to expression (1), molar Curie constant C,,
Curie—Weiss constant 6, and temperature-independent con-
tribution ypr; were determined for all samples and are
summarized in Table 2. The yp-corrected inverse molar

Table 2. Summary of C,,,;, € and Yy for Mn01, Mn02, Ni01,

and Ni02 Samples

‘moly

sample  Cpo X 10°(cm® K mol™) 0 (K) 11 X 10*(cm® mol ™)
MnO01 40.07(5) -1.7(1) 3.631(5)
Mn02 77.1(2) —4.1(1) 3.073(7)
Ni01 14.72(3) —3.4(1) 3.398(6)
Ni02 30.06(7) —-3.8(1) 4.357(9)

susceptibility y,. vs temperature curves with exclusively
Langevin-type magnetic contributing are plotted in Figure
Sa. Note that only the temperature region from 2 to 90 K has
been used for the Curie—Weiss fits since the very small total
magnetic moments of these doped samples lead to strong
artifacts in the inverse susceptibility curves at higher temper-
atures due to the sample recentering procedures (Figure S9).
The Curie—Weiss constants 6 show small negative values,
indicating very weak antiferromagnetic mean field interaction
and/or weak magnetic anisotropies as also revealed by the low-
temperature field scans presented below.

-1

)(mol ( ( 1)

The Curie constant depends on the concentration and the
size of the quadratic magnetic moments (expression S1). Since
the introduction of Ni or Mn as dopants can partially cause
reduction of V°* to V* owing to charge neutrality, magnetic
moments stemming from V ions and Ni or Mn ions have to be
considered here. For instance, when a Ni** ion would be
inserted into the host lattice, two V°* would be reduced to two
V* to keep charge neutrality, and as a consequence, one Ni**
and two V*" would contribute with their magnetic moments.
Three different cases will be considered: (a) M**, (b) M**, or
(c) M* of different hypothetical M ion oxidation states. The
overview of all scenarios and the resultant relationship between
the atomic concentration of the doped species y and the
concentration of reduced V ions yy,, are listed in Table S4. As
a result, the Curie constant can be expressed as a function of a
single atomic concentration species ¥ of the doped M ion
only (third column Table S$4), as outlined in expressions S1—
SS, and the corresponding involved magnetic moments are
listed in Table SS. Figure Sb shows that all determined atomic
concentrations ¥y are close to those values as determined by
ICP, inherently validating to a certain extent the correctness of
our assumptions outlined above. This indicates that the
combination of multiple methods can provide consistent and
reliable results and suitable interpretation from all aspects.
According to the Brillouin function (expressions S6—S8), the
qualitative evolution of the magnetic moment with the field at
a low temperature specifically depends on the size of the
magnetic moment. In this case, magnetic interactions and/or

‘mol

T-6

-1
+ )(TI)
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Figure 5. (a) Curie—Weiss fitting of the inverse susceptibility data at the range from 2 to 90 K and (b) the atomic concentrations y), for the Ni-

and Mn-doped samples for all scenarios.

crystal anisotropies play a role here, predominantly at very low
temperatures as already indicated by the nonvanishing Curie—
Weiss constants 0. Consequently, the fits including our
boundary conditions (expressions S9 and S10) cannot fully
describe the field scans measured at 2 K, i.e., since the
magnetization has not saturated even at 7 tesla (Figure S10).
The extracted values from the Brillouin fits (Figure Sb) reflect
the concentrations yy to the right order of magnitude. The
concentrations determined from Curie constants and Brillouin
fits return similar values for the three models. The magnetic
moment is stepwise decreasing when the oxidation state of M
is increasing, which is partially compensated by the
simultaneous increasing number of V* ions. For instance,
the effective paramagnetic moment is stepwise decreasing from
2.82 to 1.73 to 0 py for Ni**, Ni**, and Ni*', respectively, but
this is compensated by the increasing number of V** ions due
to charge neutrality each contributing with 1.73 pp.

By considering all results from the individual techniques
above, it is still unclear whether the doping cation (M has an
oxidation state of 2, 3, or 4) prefers to locate the substitutional
or interstitial positions in the V,0Og host. For the substitutional
case, it would lead to a formula of M,V,_,O;_s, where oxygen
vacancy is introduced to keep charge neutrality. However, in
the substitutional doping case, a minor reduction of V** to V**
cannot be completely excluded and will need more charge
compensation by oxygen vacancy in the structure. However, it
has a formula M, V,O; for the interstitial case since the cation
introduction would result in the reduction of V** to V* to
keep charge neutrality as frequently reported.”*”*' In this
work, the existence of a small portion of V* in the doped
samples, which is caused by the electronic structure change of
V, is revealed by several techniques including XPS, XAS, NMR,
and magnetic measurements in agreement with each other. In
addition, positive occupancies of interstitial sites and negative
occupancies of substitutional sites together indicate the
possible existence of dopants on the interstitial sites of M-
doped V,0;. Taking into account all this information, this
work gives a hint that the doping cations may prefer to lie on
the interstitial positions rather than the substitutional
positions.

4. SUMMARY

Pristine and M-doped V,05 materials (M = Mn, Ni, and Fe)
were synthesized through a hydrothermal method, and the
chemical compositions of doped samples are determined by
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ICP-OES. Pristine and both Mn- and Ni-doped V,0O; are
single-phase, and a small amount of phase impurity Fe,V,0; is
obtained for Fe-doped samples in addition to the ortho-
rhombic phase V,0;. The local structural changes caused by
the doping cation (substitutional or interstitial doping) in
V,0; are revealed with three different examples (Mn, Ni, and
Fe). Complementary techniques demonstrate the existence of
a small portion of V*" in the doped samples resulting from the
electronic structure change of V. Although the results do not
directly prove whether the doping cations lie in the V,Oq
structure, all information together offer a hint that the doping
cations may prefer to reside on the interstitial positions rather
than the substitutional positions.
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