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ABSTRACT: Intercalation of several elements (Ag, Bi, In, Mo, Os, Pd, Pt, Rh,
Ru, Sb, and W) is used to chemically alter a wide range of properties of two-
dimensional layered a-MoQ;. Intercalation modifies acoustic phonons and elastic
constants, as measured with Brillouin scattering. Intercalation alters electronic
bandgaps, color, structure, Raman shifts, and electron binding energies. Optical
chemochromism is demonstrated with intercalants changing the color of MoO;
from transparent to brilliant blue (In, Mo, Os, and Ru) and orange (Ag).
Correlations are investigated among material properties. There is evidence that
in-plane longitudinal stiffness ¢;; correlates with changes in the bandgap, while

W-MoO,

Intensity'?
Brillouin shift (GHz)

5

20 40 60 80
® (degrees)

various Raman modes appear to be connected to a variety of properties, including
shear modulus ¢s5, Mo binding energies, lattice constants, and the preferred crystal structure of the intercalant. The results indicate a
surprising degree of complexity, suggesting competition among multiple distinct mechanisms and interactions involving specific

intercalant species.

KEYWORDS: MoOs, Brillouin scattering, acoustic phonons, intercalation, elasticity

a-MoQ; is one of the most diversely applied intercalation
oxides. It exhibits a flexible array of characteristics that change
upon intercalation, including the ability to change color, 2
electrochromism,”* chemical switching of polaritons,5 surface-
enhanced Raman effects,” intercalation tunable bandgaps,”’
antibiotic resistance,® and nonlinear optical absorption.9
Recently, it was shown that the optical and elastic properties
of MoOj can be altered by intercalating as little as <1 atm %
Cu, Co, Sn, Au, Fe, Cr, Ge, Mn, and Ni."”* Here, we intercalate
Ag, Bi, In, Mo, Os, Pd, Pt, Rh, Ru, Sb, and W into a-MoO; to
explore the full chemical tunability of the mechanical and
optical properties, bringing the total number of intercalant
species to 20 when the previous studies are included."”
Intercalants can change the color of MoOj; from transparent to
orange and dark blue. Intercalation can also reduce the
electronic bandgap of MoO; by >1 eV while modifying the
elastic stiffness coeflicients by up to tens of gigapascals. The
changes in stiffness coefficients are manifested in changes in
the acoustic phonon propagation speeds as determined
through Brillouin scattering of generalized Lamb modes
confined within ~200 nm thick nanoribbons.

We performed correlation analysis on this library of 20
different intercalants to explore possible underlying patterns or
principles that govern how elastic and other properties are
altered with intercalation. In addition to the stiffnesses as
determined through Brillouin scattering, we also considered
results from Raman spectroscopy, X-ray photoelectron spec-
troscopy (XPS), ultraviolet photoelectron spectroscopy (UPS),
X-ray diffraction (XRD), and ultraviolet—visible (UV—vis)
spectroscopy along with literature values for the properties of
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the intercalant atoms. In searching for correlations among
these many variables, we sought to determine whether
relatively simple intuitive descriptions might capture much of
the variability.

What we found were complexity and richness of behavior.
There are some patterns that may be interpreted in terms of
concepts, such as intercalant—host charge transfer. There are
numerous strong apparent correlations, most notably involving
certain Raman shifts, the lattice constant related to the
expansion of the van der Waals gap, stiffness tensor elements
governing in-plane deformation (c;; and css), the electronic
bandgap of the intercalated material, and the preferred crystal
structure of the intercalating elements.

Most properties of the intercalant show no strong
correlation with changes in stiffness, but we find a correlation
of stiffnesses ¢;; and c,; with the electronic bandgap. We also
find a correlation of in-plane shear modulus cgg with the Raman
shifts, as well as the preferred crystal structure of the
intercalant. We find several other likely correlations among
the Raman shifts, the b lattice constant, and the Mo 3d binding
energy.
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Figure 1. Optical images of Ag-, Bi-, In-, Mo-, Os-, Pd-, Pt-, Rh-, Ru-, Sb-, and W-intercalated MoO; showing a diverse change in color with
intercalation. Color changes range from transparent to orange, gray, and light blue to dark blue.

a-MoO; has a layered orthorhombic crystal structure (space
group Pbnm). Synthesis of the host and intercalation were
performed using established procedures.”'”"" Details of
growth and intercalation can be found in the Supporting
Information. Intercalation concentrations were kept below 5
atm % so as not to disrupt the crystal symmetry and simplify
analysis of the Brillouin scattering data. Changes in the
material properties are significant at even low intercalant
concentrations. Scanning electron microscope energy X-ray
dispersive spectroscopy (SEM-EDX) and XPS were used to
determine intercalant concentrations. Further details and
spectra can be found in Figure S1.

MoO; (~200 nm thick) is transparent (Figure 1) but is
chemochromic upon intercalation."”” Here, intercalation leads
to a vast array of color changes in MoOj. Intercalation with Bi,
Pd, Pt, Rh, Sb, and W shows almost no change in color, though
it possibly induces a gray color in the case of Pd. Intercalation
with In, Mo, Os, or Ru shows a striking color change to dark
blue. When intercalated with Ag, MoO; shows an orange color
possibly related to silver’s plasmonic properties similar to the
orange-brown color seen in other Ag nanoparticle oxide thin
film systems."*

UV—vis absorption (Figure 2a) was collected via trans-
mission. Tauc plot analysis was used to determine the
electronic bandgap (Figure S2). In the region from 550 to
800 nm, a strong absorption peak is seen for Ru-, Os-, and In-
intercalated MoQj3, consistent with the striking dark blue color
seen in those ribbons (Figure 2a). Similar strong absorption
was seen for Cr, Ge, and Mn intercalants.” Figure 2b shows the
electronic bandgaps determined from Tauc plot analysis.
Intercalation with Bi slightly increases the effective bandgap,
while all other intercalants decrease the bandgap (Figure 2b).
Pd and Ni decrease the bandgap substantially to ~2.4 eV.

XRD (Figure 2c) of MoOj; gives one set of lattice reflections
corresponding to stacking direction (0k0) and another weak
reflection corresponding to (110). Rietveld refinement was
performed using MAUD'? to determine the b lattice constant,
which is in the stacking direction (Figure 2d). The b lattice
constant decreases for Bi, in an interesting correlation with the
increase in the electronic bandgap of that element, while all
other intercalants show an increase. Os and Ru show a doublet
in their XRD spectra similar to intercalation of Hf in MoO5."”
This was also found for deintercalation of MoOj; using H,O,,
where some of the guest is left in the host leading to separate
regions of expanded and contracted MoQ,."> The domain
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Figure 2. (a) UV—vis spectra of intercalated MoO, showing a shift in
the absorption edge and absorption above 600 nm for Ru, Os, and In
intercalation. (b) Effective electronic bandgap with intercalation.
Filled diamonds (#) are from ref 1, and filled squares (M) are from ref
2. (c) XRD of intercalated MoOj; (d) shows expansion of the host and
doublets for Os and Ru. (e) Raman spectra of intercalated MoO,
shows both (f) optical phonon stiffening and softening from pristine
MoO;. Pristine MoO; XRD and Raman from ref 1.

nature of intercalation into a host may account for this
separation.lé’17

Raman scattering (Figure 2e) of intercalated MoO; shows
the expected modes.'® Ag-intercalated MoO; shows two new
Raman peaks not seen in pure MoOs at 123.9 and 241.1 cm™,
which correspond to B,; and By,r modes,'® respectively. Pd
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intercalation shows a new mode at 125.8 cm™' corresponding
to a By, mode.'”® No other intercalants show new Raman
modes. Raman scattering (Figure 2f) shows both stiffening (Bi,
In, Os, Pd, Pt, Rh, Ru, Sb, and W) and softening (Ag, Mo, and
Pt) of pristine MoOj, which is given as a dotted line in Figure
2f. Raman shifts are known to be complex upon intercalation."”
The guest intercalant can act as a donor or acceptor altering
bond strengths and the Raman shift while also changing the
local polarizability in a competing manner.'” Structural
changes also affect the Raman shift."”

XPS was used to confirm the intercalant concentration and
identify charge transfer between the MoOj; and intercalant. In
surprising contrast to previous investigations,2 XPS of these
intercalants (Figure 3a,b) shows a much more diverse behavior

am b[o.. C

Intensity

240 230 535 530
d Binding Energy (eV)
Ag §3d5/2 Bi 4f5/2 4f7/2 E In 3d

3d3/2 1

] |

[oX

(&)

380 375 370 165 160

Binding Energy (eV)

72

Os 4. L af Pd 34, 3d;,

60 55 50 345 340 335

Binding Energy (eV)
Sb 3d5/2 é
3d H

32

cps

540 535 530 50 45 40 35
Binding Energy (eV)

320 315 310 305

Figure 3. XPS spectra of intercalated MoO; show changes in the
binding energy of the (a) Mo 3d and (b) O Is. (c) Adventitious C 1s
is used as a calibrant. Pristine MoO; (ref 2) shown for comparison.
(d) Individual spectra of Ag-, Bi-, In-, Os-, Pd-, Pt-, Ru-, Sb-, and W-
intercalated MoO; show the metal is in the host. A dotted line is
drawn to indicate the peak location™ for the zero-valent species.

of host—intercalant charge transfer. Not all intercalants lead to
a reduction of the Mo, in contrast to the case for MoO;
bronzes, as seen in both the shift and lack of additional peaks
in the XPS spectra.21 Adventitious C 1s (284.5 eV) is used for
calibration (Figure 3¢).° Generally in XPS, an increase in
binding energy means a decrease in electron density (electrons
are withdrawn), while a decrease means the reverse. Mo 3d
XPS peaks (Figure 3a) with some intercalants show no shift

and thus no electron transfer (Ag, Bi, and In). Other
intercalants show a decrease in the Mo 3d peaks (Os, Pt,
Rh, Ry, and Sb), suggesting that electrons are withdrawn from
the Mo, while yet others show an increase in the Mo 3d
binding energies (Mo, Pd, and W), suggesting that for those
intercalants guest electrons are donated to the host. The O 1s
XPS spectra (Figure 3a) show an increase in binding energy for
all intercalants except Pd and Sb, suggesting that electrons are
withdrawn from the oxygen for nearly all of the intercalated
materials.

Figure 3d shows the XPS spectra of the intercalated species.
It is not possible to resolve the Ru peaks (280 keV) or the Mo
intercalant peaks, as they overlap with adventitious C 1s and
the host MoOj, respectively. Guest species are detected in all
other samples. Black dashed lines are drawn to indicate the
published™® peak locations for the zero-valent species.

Brillouin scattering measurements and analysis were
performed using published methods"” using an equal-angle
(90°) scattering geometry (Figure 4a). The sample was rotated
azimuthally around the b-axis (normal to the nanoribbon
surface), thereby probing phonon dispersion as a function of
azimuthal angle ®@. ® is defined so that phonon propagation
parallel to the ag-axis is probed at @ = 0°, while propagation
parallel to the c-axis is probed at @ = 90°. Measurements were
performed through a full 180° rotation for each sample. This
allows us to verify the expected symmetry such that @ and
180° — ® produce the same results. This was true to within
small discrepancies for most samples, allowing us to establish
an error floor of +~0.25 GHz in Brillouin peak positions as in
previous work."”

This repeatability test sometimes failed for the Mo and Ru
intercalants, often accompanied by a visible change in the color
of the sample over the hours required for a full azimuthal scan.
Intercalated Mo-MoO; and Ru-MoQOj; may be chemically less
stable, or the Ru and Mo species may be more mobile in the
host; this may introduce unknown systematic errors into the
stiffness tensors in these cases.

Waterfall plots of the raw data can be found in Figure SS.
We identified the peaks in each spectrum, which as a function
of angle @ revealed angular dispersion relations of various
acoustic modes (Figure 4b). We identify these as Love modes
(L), antisymmetric Lamb modes (AS,), and symmetric Lamb
modes (S.) as illustrated in Figure 4c and extract the stiffness
tensor through curve fitting."” This yields estimates for all nine
independent elastic moduli along with sample thickness d.
Errors in the fit parameters are determined from y* analysis
ultimately grounded in the counting statistics of the detector."”

Table 1 lists the thicknesses and elastic stiffnesses.
Intercalation has strong effects on the elastic moduli, shifting
values by tens of gigapascals in complex patterns particular to
each intercalant. Similar previous measurements”” were
performed on pure MoOj; as well as MoOj intercalated with
Co, Cu, Sn, Fe, Ge, Ni, Mn, Cr, and Au, in which general
trends of the effects of intercalants on specific stiffness
coefficients were observed, with some outliers. With the
addition of more data, including 11 new intercalants in this
work, we find the story becomes much more complex, with
many of the intercalants acting as unique outliers, each altering
the stiffness tensor in its own way. The trends are described in
detail in the Supporting Information.

We find an apparent correlation between d and some of the
stiffness tensor elements, especially not only c,, but also ¢,, ¢44,
and cg. Given the thickness-dependent nature of intercalant
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Figure 4. (a) Equal-angle (90°) Brillouin scattering geometry used for measurements. The sample is rotated azimuthally around the normal axis
(b). k; and k, are the input and output scattering wavevectors, respectively. g is the phonon wavevector. (b) Illustrative representations of Love
waves (L), antisymmetric Lamb (AS;) modes, and symmetric Lamb (S;) phonon modes. (c) Brillouin scattering spectra of all intercalated
materials with curve fits.

Table 1. Thicknesses, d (nm), and Elastic Stiffnesses, c; (GPa), of Intercalated MoO; Determined from Brillouin Scattering”

d 1 (553 €33 12 €13 €3 C44 Css Co6
MoO,' 186.1(2) 156(2) 128.7(8) 241(2) —-13(2) 31(2) 35(2) 51.6(3) 60(1) 38.0(2)
Ag-MoO, 234.3(6) 118(1) 195(1) 267(1) —20(1) 38(1) 10(1) 64.6(4) 61.3(4) 58.9(4)
Bi-MoO;, 225(3) 185(3) 195(6) 239(3) —-38(3) 50(3) 20(4) 70(1) 65(1) 48(1)
In-MoO;, 199(4) 141(4) 153(5) 297(4) -17(3) 30(4) 17(7) 46(3) 73(1) 48(3)
Mo-MoO, 176(3) 136(2) 106(2) 212(2) —14.2(9) 53(2) -7(2) 48(1) 52.6(4) 39.6(6)
0s-MoO, 190(2) 130(3) 127(2) 213(2) -12(2) 43(3) -5(3) 52(1) 59(1) 45(1)
Pd-MoO;, 183(3) 133(3) 115(2) 216(2) —16(1) 41(2) -5(2) 50.8(4) 55.8(9) 41.9(6)
Pt-MoO, 236.7(4) 133.3(2) 197.8(2) 228(2) -24.1(2) 24(2) 14(3) 77.4(5) 60.0(5) 70.8(5)
Rh-MoO, 214(2) 183(4) 166(4) 238(4) —25(3) 44(3) 29(4) 68.2(7) 62(1) 49(1)
Ru-MoOj, 250(1) 165(1) 228(1) 245(1) —50(1) 68(1) 39(1) 68(1) 58(1) 55(1)
Sb-MoO, 221(2) 193(3) 183(2) 208(2) -25(2) 42(2) 13(3) 75.9(8) 67(1) 48.0(7)
W-MoO, 185(4) 147(3) 125(5) 235(5) —11(2) 28(3) 25(4) 51(2) 61(1) 42(1)

“Data for unintercalated MoOj are from ref 1. Values in parentheses are errors in the last digit, as determined by nonlinear curve fitting analysis.

staging, it is plausible that these moduli are genuinely functions
of nanoribbon thickness for the intercalated material. However,
it is also plausible that some of this correlation reflects an
artificial coupling of the d fit parameter to some of the stiffness
coeflicients in the nonlinear curve fit. While our method of
estimating the errors in the fit parameters (see ref 2) is
designed to avoid such issues, it is still possible that the error
bars reported in Table 1 may be underestimates for these four
stiffness coeflicients as well as d. This issue does not affect the
other five coeflicients. See the Supporting Information for
more details.

Combining results from our study and previous studies,"”
we have extensively characterized the physical properties of 21
different variants of MoOj;. The data include d and c; from
Brillouin measurements; the stiffness tensor, bulk modulus,

Young’s moduli, and Poisson’s ratios; the b lattice constant; the
bandgaps; 12 distinct Raman peaks; and binding energies for
Mo and O. To this we added literature properties of the pure
element intercalant itself: electronegativity, work function,
covalent radius, and native crystal structure.'® We searched this
entire data set for pairwise correlations to identify any evidence
of regularities and likely mechanisms explaining one set of
properties in terms of another (Figures S6—S12). Figure 5
shows the strongest correlations that we found.

All of the Raman modes strongly correlate to each other. We
find that each individual Raman mode seems to have
particularly strong correlations with several other properties.
For example, we find an anticorrelation of the Raman shift with
the increase in Mo binding energy, especially for the Raman
mode near 114 cm™' (Figure 5a). A higher binding energy is
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Figure S. Strongest correlations. (a) Anticorrelation of the binding
energy shift of the XPS Mo 3d;/, spectra vs Raman shift. (b)
Correlation of the preferred crystal structure of the unintercalated
element vs Raman shift. (c) Lattice constant, b, vs Raman shift. (d)
Bandgap vs ;.

correlated with softer Raman modes, which is measured
through the charge transfer from the guest to host in XPS.

We also find that the Raman shifts correlate with both the
preferred bulk crystal structure of the intercalant and the
expansion of the host (Figure Sb,c). The intercalants with a
hexagonal close-packed (HCP) or rhombohedral (R) native
crystal structure uniformly had Raman shifts that were larger
than those with body-centered cubic (BCC) structures. A
correlation of intercalated material properties with the native
crystal structure of the intercalating element is not
unprecedented. Koski et al.' found that, in Bi,Se;, the unit
cell volume of change correlated with the bulk crystal structure
of the intercalant. We suspect that the preferred atomic
arrangements (i.e.,, bond angles and preferred local symmetry)
of the elements in their native crystal structure are also in part
manifested in their preferred locations and bonding patterns
within the van der Waals gap of the intercalated structure. In
our results, while the b lattice constant and the intercalant’s
native crystal structure both correlate with the Raman shifts,
they do not significantly correlate with each other. We also
found weak evidence that b correlates positively with the
electronegativity of the intercalant (Figure S12).

We also observed some likely correlations involving the
stiffness tensor. The measured bandgap of the intercalated
material appears to correlate positively with ¢;; and c,; (Figure
5d and Figure S7). The Raman mode near 155 cm™" appears
to correlate with in-plane shear modulus cgs (Figure S8). This
has been identified as A, bending mode 5(0,Mo,),."*** Both
Raman modes and the stiffness tensor give us information
about the stiffness of bonds in the context of the crystal lattice.
However, they do so on very different length scales. If the
information about the stiffness of specific groups of bonds as
revealed in Raman spectroscopy is somehow encoded in the
stiffness tensor elements, then a simple correlation analysis
does not appear to be sufficient to extract it, with the possible
exception of the apparent correlation between cs5 and the

Raman mode near 155 cm™.
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Intercalant properties such as atomic size, electronegativity,
work function, etc., do not strongly correlate with the change
in the stiffness tensor. For the most part, the combined data set
tells a story of complexity. The ability of the various
intercalants to modulate the material properties is multidimen-
sional, resisting efforts to reduce it to a short list of persistent
patterns, simple recipes, or easily understood mechanisms such
as a uniform charge transfer between the host and intercalant,
an overall shift in polarizability, etc. Rather, the complexity we
observe suggests that there are multiple competing mecha-
nisms, some of which may be particular to certain excitation
modes or certain intercalant species.

In summary, this study uses the methodology of previous
studies"” to generate a substantial database quantitatively by
recording the effects of many different intercalants on the
optical, electronic, structural, mechanical, and bonding proper-
ties of MoQO;. Combined with the previous studies, this study
more than doubles the number of intercalants, bringing the
total to 20. We show how various intercalants can alter the
elastic stiffness coeflicients of MoO; by up to tens of
gigapascals, significantly decreasing the bandgap and also
changing the color, sometimes quite strongly. Unique effects
specific to each intercalant are seen in the physical property
changes of MoOj; with intercalation.

By more than doubling the number of material states in the
data set, we found a range of complexity of behavior that was
previously hidden. What the data tell us is that there is no
simple systematic story that can account for all of the
variability. Instead, there are likely many competing phenom-
ena. Each intercalant alters the material in its own peculiar way.
While this may be challenging from a basic science perspective,
from an application perspective, it means the space of possible
material alterations is much larger than we had first imagined.
The bandgap, color, optical properties, anisotropic stiffness,
and other properties can potentially all be modulated
independently of one another based on the choice of
intercalants.
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