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Featured Application: The dielectric function and optical conductivity are used to evaluate
voltage-capacity profiles, as their shape is rooted in the multi-orbital nature of the redox process
in battery materials. This represents a firm approach to characterise materials for energy storage,
and battery materials in particular, and offers a robust predictive framework for novel battery
materials, one that can be rapidly matched to measurable quantities.

Abstract: Motivated by experiments, we undertake an investigation of electronic structure
reconstruction and its link to electrodynamic responses of monoclinic MoO;. Using a combination
of LDA band structure with DMFT for the subspace defined by the physically most relevant
Mo 4d-bands, we unearth the importance of multi-orbital electron interactions to MoO, parent
compound. Supported by a microscopic description of quantum capacity we identify the implications
of many-particle orbital reconstruction to understanding and evaluating voltage-capacity profiles
intrinsic to MoO; battery material. Therein, we underline the importance of the dielectric function
and optical conductivity in the characterisation of existing and candidate battery materials.
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1. Introduction

Understanding correlated materials remains a problem of enduring interest in condensed matter
physics. So far, lot of attention has been focused on the way a material evolves from a metallic to an
insulating state [1]. Electron—electron and electron-lattice interactions are well known driving forces
behind metal-to-insulator instabilities. In a Peierls system a metal becomes an insulator via lattice
distortion, which usually doubles the crystal unit cell. This in turn opens a bonding-antibonding
band gap at the Fermi level (Er), whereby the lowering of the one-particle bonding state compensates
the energy cost incurred by the lattice distortion [2]. This situation is similar to a one-dimensional
spin-Peierls effect [3], in which a reduction of magnetic energy of spins on dimers also induces lattice
distortions. Hence, both the electronic- and the spin-Peierls instabilies are triggered by the coupling
to the vibrational excitations of the crystal, i.e., the phonons. On the other hand, the Mott-Hubbard
metal-insulator transition is caused by strong Coulomb correlations that prevent double occupancy of
electrons with opposite spins on the same electronic state [1]. However, in materials like VO, both
scenarios seem to be cooperative [2]. As a result, concomitant quantum phase transitions involving
lattice and electronic degrees of freedom become possible. The observed first-order transition occurring
around T = 340 K [4] in VO, is dubbed Mott-Peierls, because the lattice distortion is assisted [5]
by the presence of correlated electronic states in close proximity to Mottness [6]. In this regime,

Appl. Sci. 2020, 10, 5730; doi:10.3390/app10175730 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-4078-1000
http://www.mdpi.com/2076-3417/10/17/5730?type=check_update&version=1
http://dx.doi.org/10.3390/app10175730
http://www.mdpi.com/journal/applsci

Appl. Sci. 2020, 10, 5730 20f13

dynamical scatterings arising from multi-orbital (MO) electron—electron interactions should be taken
into consideration to understand the physical properties intrinsic to materials showing exotic phase
transitions upon external perturbations. In this work we show that a reconstructed orbital state induced
by MO electronic interactions [7] also holds true for MoO,. We shall notice here, however, that not only
at the interfaces of oxide heterostructures [7] but also in bulk materials, both the modification of the
nearby surroundings and intrinsic dynamical electron—electron interactions can significantly affect the
electronic structure of d-band materials, in particular the occupation and energy position of the d-shell
levels. These and related nontrivial effects are fingerprints of electronic orbital reconstruction. Within a
correlated multi-band framework [8], the active d-orbitals are normally reconstructed relative to their
bare, band values. This behavior brings to the fore the most fundamental aspect in correlated electronic
structure calculations, i.e., how the reconstructed orbitals in quantum materials are dynamically
reshaped by realistic multi-orbital electron—electron interaction effects.

Interest in molybdenum oxides is particularly motivated by their application in a wide variety of
fields such as flexible electronics [9], solid fuel cells [10], gas sensors, catalysis, diffusion barrier [11],
and storage lithium ion batteries [12-16]. Importantly, MoO is considered to be one of the most studied
anode systems for lithium ion batteries [13,16]. Both for fundamental science [17] and for applications,
MoO; is relevant in view of the quantum nature of its metallic conductivity [9,18] and the possible
reduced localization of 4d electrons as compared, for example, to 3d electrons of VO, [19]. MoO;, is
isostructural with VO, at room temperature. Similar to what is found for the dy, orbital of VO, [5],
electronic structure calculations within the monoclinic phase show large bonding-antibonding splitting
of the dxz_yz band in MoO, [19,20]. This behavior is consistent with metal-metal dimerization parallel
to the c-axis [21]. Moreover, band structure calculations [20] suggest that the monoclinic structure
results from an embedded Peierls-like instability, which mediates the metal-metal overlap along chains
parallel to the rutile c-axis embedded in a background of the dispersing xz, yz states. This scenario has
been used to analyze Fermi surface topology and band dispersion of MoO; probed, respectively, in de
Haas-van Alphen and angle-resolved photoemission spectroscopy (ARPES) experiments [19].

A closer inspection of experiments reveals several exotic properties in MoO, which are
fundamentally different from simple metals, implying that many-particle correlation effects beyond
the local density approximation (LDA) need to be considered. Experimental observations supporting
this view are: ARPES [19] and angle-integrated PES [20] measurements show signatures of pseudogap
like low-energy features close to the Fermi energy, implying substantial correlation effects. An optical
conductivity study reveal a Drude part at low energies followed by a broad bump around 0.8 eV and
high-energy features centered above 4 eV [22]. Noteworthy, the first bump was taken as an evidence
that normal metallic conduction is not occurring in MoO,. Noticeable carrier mass enhancement
m*/m ~ 5, a value close to that found for VO, [4], reinforces the relevance of dynamical electronic
interactions. Finally, resistivity data of Ref. [11] display Fermi liquid (FL) behavior (o(T) = py + AT?),
however, in several other cases it deviates significantly [13,18,23] from this canonical Tz—dependence of
good FL metals. In fact, MoO; appears to be a poor-metal at low-T, with a sample dependent
resistivity upturn below T* ~ 100 K [13,23], implying substantial correlation effects in the Mo
4d-subshell crossing Er. How might scattering processes involving charge and orbital fluctuations
produce the observed correlated metal? How robust is the bare bonding-antibonding splitting against
sizable electron—electron interactions? Which are the electronic fingerprints of a reconstructed orbital
bonding-antibonding state [5] in monoclinic MoO,?

In this work we address these questions by modeling the correlated electronic structure of
monoclinic MoO; on the basis of LDA band structure calculations combined with dynamical mean-field
theory (DMFT) [8]. Likewise for VO,, we clearly find an orbital-selective (OS) metallic behavior which
results from sizable MO electron—electron interactions in the Mo 4d subshell near Er. Our results are
important for understanding the competition between itinerancy and local, MO Hubbard interactions
in MoO,. In particular, low-energy pseudogap-like features probed in photoemission experiments
are shown to be driven by a correlation-assisted orbital reconstruction, reflecting incoherent charge
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localization due to the formation of dynamical metal-metal ion bonds. Our scenario suggests the
essential role played by (local) MO Coulomb repulsion acting as the emerging dynamical interaction
for the many-fold metal-pair reconstruction in materials with monoclinic distortions.

To date, the relevance of local correlations on the electronic structure has been studied within
density-functional-theory plus U (DFT+U), for example in molybdenum oxides [24] or other anodic
dichalcogenide battery materials like MoS, [25]. While DFT+U calculations yield the correct spin and
orbital orders, by construction this is a ground state theory and therefore cannot describe dynamical
many-particle effects. Here, we extend ab initio density-functional calculations to incorporate these
effects within the LDA+DMFT method [8]. Interestingly, this method has been applied to elucidate the
electronic structure of StMoOs [26], supporting the hypothesis of multi-orbital dynamical interactions
in Mo-base materials in general. Focussing on monoclinic MoO,, we study its one- and two-particle
responses, providing a many-particle description of PES, optical conductivity and gavanolstatic data
relevant to MoO; battery material [16,27].

To reveal the orbital-selective metallic phase probed in spectroscopy and electric transport
experiments, as well as the coexistence of pseudogaped and normal metallic states, in this work
we employ the density functional theory plus dynamical mean-field theory (DFT+DMFT) scheme [§],
which by construction takes into consideration the most relevant all-electron degrees of freedom and
intra- and inter-orbital correlation effects in the solid. The DFT+DMFT scheme is an ideal and realistic
starting point towards understanding Mott metal-to-insulator transitions, the nature of Fermi and
non-Fermi liquid metallic states and, on more general grounds, the role played by dynamical electronic
correlations in multi-orbital systems. DFT+DMFT provides cogent answers to fundamental questions,
including why orbital, magnetic and superconducting (conventional or not) orders in correlated
electron and topological quantum systems set in at zero and finite temperatures, and how they might
change upon application of external perturbations (pressure, chemical doping, magnetic and electric
fields, etc.). Within our single site DFT+DMFT scheme, dimer-dimer correlations are treated on LDA
level. Extensions of the single-site DMFT scheme to explicitly includes inter-site interactions, based,
for example, on cluster DMFT approaches, may be considered to describe dynamical dimer-dimer
correlations in MoO; and related materials. Nonetheless, the good agreement between the frequency
dependence of the self-energy (imaginary and real parts) we have recently derived for baddeleyite-type
NbO; [28] and that of the distorted, body-centered tetragonal (bct) NbO; crystal obtained using cluster
DFT+DMFT calculations[29], fully qualifies single-site DFT+DMFT approximation for the study of
the electrodynamic behaviour of MoO, battery material. Here, one-particle LDA density-of-states
are computed using the non-fully relativistic version of the PY-LMTO code [30]. To incorporate the
effects of dynamical electronic correlations within the 5, orbital sector of MoO, bulk crystal, we used
the multi-orbital iterated-perturbation-theory (MO-IPT) as an impurity solver of the many-particle
problem in DMFT, as described in detail in Refs. [31,32]. The state-of-the-art DFT+DMFT(MO-IPT)
implementation used here correctly describes disorder, pressure, electric and magnetic fields, spin-orbit,
and temperature effects in multi-band electronic systems. The computation of optical conductivity
was carried out using the d = oo (DMFT) approximation [33-35].

2. Results and Discussion

Earlier band structure calculations [20] for monoclinic MoO, have shown that the most
relevant electronic subshell near Er in this compound originates from Mo (4d) ty,-orbitals. Here,
the t5, bands of MoO; [19] were obtained using the linear-muffin-tin orbital (LMTO) scheme [30].
Within LDA, the one-electron part for MoO, is Hy = Y ; » eu(k)c; 1,0Ck.a,0 Where a = (x* —y?,yz,xz)
label (in Moosburger-Will’s notation [19]) the diagonalized 4d bands close to Er, see Figure 1.
These three diagonalized orbitals are the relevant one-particle inputs for MO-DMFT which generates
an orbital-selective bad-metallic state for U > 4.0 eV as shown below. The correlated many-body
Hamiltonian for MoOy reads Hiy = U Y, MigtMiay + Yiazs[U Miaip — JuSia - Sip] - Here, U =
U — 2]y with U (U’) being the intra- (inter-) orbital Coulomb repulsion and [y is the Hund’s rule
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coupling. The DMFT self-energy, X,(w), requires a solution of the MO quantum impurity model
self-consistently embedded in an effective medium. [8] We use the MO iterated perturbation theory
(MO-IPT) as an impurity solver for DMFT. [31] This perturbative, many-body scheme has a proven
record of describing dynamical effects of correlated electron systems.
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Figure 1. Partial LDA densities-of-states (DOS) of MoO, within the monoclinic symmetry. Notice the
splitting of LDA the bands into bonding and antibonding branches in the projected d,>_,» DOS,
a characteristic property of monoclinic materials.

2.1. Correlated Electronic Structure

We now present our results. We start with the monoclinic (space group P2;/c) structure of MoO,
(Figure 2) with lattice constants and monoclinic angle as in Refs. [24,36]. In agreement with previous
studies [19,20], one-electron band structure results for the LDA spectral function (Figure 1) shows
partially occupied 4d orbitals with pronounced bonding-antibonding splitting in the x> — y?-orbital
due to dimerized metal-pairs in the monoclinic crystal structure. In what follows, we employ the
LDA+DMFT scheme [8] to treat local MO interactions present in MoO, and related transition metal
dioxides. Consistent with experimental observations [13,19,20,22], we show that the metallic phase of
MoO; is correlated with appreciable changes in the electronic structure compared to LDA.

Figure 2. Crystal structure of MoO; of monoclinic symmetry (Mo blue, O red), atomic coordinates
and cell parameters are taken from Ref. [36]. Short Mo-Mo contacts are represented as blue sticks.
The monoclinic unit cell is highlighted in green. The distorted octahedral coordination of Mo by O is
represented as transparent polyhedron. A 3 x 2 x 3 supercell was chosen.
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In Figures 3 and 4 we display our LDA+DMEFT results for different values of U and fixed
Ju = 0.7 eV. These results show how MO electron—electron interactions modifies the orbital resolved
(Figure 3) and total (Figure 4) density-of-states (DOS) within the Mo** (4d?) configuration of MoO5.
Likewise for VO, [5], MO dynamical correlations arising from U, U’ and ]y lead to spectral weight
redistribution over large energy scales and the formation of lower- (LHB) and upper-Hubbard (UHB)
bands. Remarkable differences in the spectral weight transfer (SWT) is seen between the x? — 32 and
the yz, xz channels. In the upper panel of Figure 3 we show the LDA+DMFT DOS of the x> — y?-orbital,
whose evolution as function of U is crucial for understanding the role of intra- and inter-orbital
dynamical correlations mutually assisting the orbital reconstruction and Mott-Peierls instability in
MoO;. As seen, the incipient LHB at w ~ —2.4 eV for U = 2 eV is transfered to higher binding
energies, becoming more pronounced with increasing U. On the other hand, the UHB is not clearly
resolved in the x> — y? orbital. Indeed, we observe a sharp antibonding-like peak at energies above
3.0 eV and a shoulder feature at w ~ 2.2 eV, both being pushed higher in energy with increasing U.
Correlation effects are, however, more visible at the bonding state. This quasi-localized band centered
at —1.2 eV in LDA (solid line in Figure 1) is dynamically transferred to lower energies, spanning across
Erfor2.0eV < U < 3.0 eV. In contrast to cluster-DMFT results for VO, [5], where narrow bonding
states are located below Er, with U > 4 eV we find them above Er, yielding a pseudogaped, metallic
state in x? — y? electronic channel, as in Figure 3.
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Figure 3. Effect of electronic correlations on the orbital-resolved LDA+DMFT density-of-states (DOS) of
monoclinic MO,. Worth noticing is the dynamical evolution of the d,2 > bonding-antibonding branch,
which shows an overall shift to energies above Er due to correlation-induced spectral weight transfer.
Also relevant is the formation of a pseudogap-like state at energies near the Fermi level (Ef = w = 0.0)
for U =5eV.
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Figure 4. Bottom panel: Role of electron-electron interactions on the total LDA+DMFT DOS.
LDA results are shown for comparison. Notice the formation of a lower Hubbard band at energies
close to —2 eV and the evolution of the reconstructed electronic structure above Er. The top panel
shows the theory-experiment comparison between LDA+DMFT one-particle spectral functions and
the photoemission spectra taken from Ref. [19]. Notice the good theory-experiment agreement at low
energies and the correlation induced transfer of spectral weight compared to LDA from low to high
binding energies.

Appreciable SWT within the yz, xz-orbitals is also visible in the lower panels of Figure 3.
Interestingly, electronic interactions in these orbitals lead to sharp quasiparticle peaks close to
Er. These collective Kondo-like resonances move to energies close to 0.1 eV at U = 5 eV with
concomitant appearance of pseudogaped electronic states in the xz, yz orbitals. Moreover, given sizable
U’, interband dynamical proximity effects between x> — y? and yz, xz orbitals yield the creation
of bonding-antibonding bands in the yz, xz channels. Correlated electron features in the valence
band DOS will lead to local magnetic moments associated with the developing of a prominent
LHB in the x? — y? orbital. Noteworthy, magnetic ordering and unconventional superconductivity
(T. = 7 K) were observed in potassium-doped MoO; samples, KyMoO;_; [37]. In these compounds,
X-ray powder-diffraction data suggest that K-atoms increase the lattice parameters of the monoclinic
structure with increasing K composition. Taken together these observations with our LDA+DMFT
results suggest that under strain, inducing band narrowing due to expansion of the lattice crystal
structure, anisotropic excitations would be seen in magnetic susceptibility data of pure MoO, at low T.

The bottom panel of Figure 4 displays the total LDA and LDA+DMFT spectral function. As a
major effect of electron—electron interactions, the bonding-antibonding feature in LDA re-emerges
and persists above Er with increasing U for all three orbitals. From this result we can now draw the
following conclusion: The bonding-antibonding states (reflecting charge localization within Mo-Mo
dimers in LDA, see Figure 1) are transferred to energies above Er by MO dynamical correlations.
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Interestingly, our LDA+DMFT band splitting is consistent with soft-X-ray absorption spectra [20],
showing two main broad features separated by almost 4 eV as in Figure 4. Extant PES and ARPES
data can also be interpreted on the basis of our correlated electronic structure. An ARPES study [19]
shows a broad maximum around 0.2 eV binding energy which moves towards to Er with increasing
the emission angle and the photon energy. We assign this primary maximum as the small bump found
for U = 5eV at w = —0.28 eV, as shown in the top panel of Figure 4. Smaller U values provide a huge
peak at low binding energies which is not seen in experiment [19]. Importantly, the LDA+DMFT results
for U = 5 eV show good agreement with PES data [19] at low energies, implying the suppression of
the Landau-FL coherence in the electronic states and unconventional metallicity in pure and doped
MoO; systems [37]. Moreover, valence band spectra recorded on thin films show an energy band
peaked at —1.8 eV, consistent with our LHB centered at energies close to —2.2 eV. It is worth noting
that this value coincides with the energy gap in LDA where oxygen p-bands start. The fact that this
bare band gap is not seen in PES experiments [20] is the one-particle fingerprint of dynamical MO
correlations, and goes beyond previous ab initio formulations for monoclinic MoO;.

Understanding the modification of anisotropic charge dynamics in MoO; promises to shed light
upon the precise nature of the reconstructed (by dynamical correlations) orbital state discussed above.
Our LDA+DMEFT results in Figure 3 show how MO electronic correlations self-organize the one-particle
spectral functions of monoclinic MoO;. While the xz-orbital DOS unveil maximum itinerancy at large
U (see our results below) and has a shape similar to yz-orbital, the more localized x? — y? orbital-DOS
shows completely different lineshape. SWT over large energy scales O (8.0 eV) is also apparent in
Figures 3 and 4. In our MO-DMFT calculation, inter-orbital charge transfer leads to spectral weight
redistribution between the different d-orbital DOS. This is a characteristic also exhibited by other
correlated MO systems [38], and points to the relevance of MO correlations in the electronic structure
of MoO,.

2.2. Optical Conductivity

We now present the optical conductivity and galvanostatic, voltage-capacity profiles of MoO,
battery material using the LDA+DMFT propagators for the most relevant 4d-orbitals discussed above.
In the limit of high lattice dimensions, the optical response is directly evaluated as convolution of
the DMFT propagators [8]. For MO systems, the real part of the optical conductivity can be written

as 0,5 (w) = Ya Li fdw’wflklw(w’ + w) Ay o0 ('), where v, = v%% and V is the
volume of the unit cell per formula unit, v, is the fermion velocity in orbital a, Aﬂ/a(k,w) is the
corresponding fully renormalized one-particle spectral function and f(w) is the Fermi distribution
function. Within our correlated, MO scheme the complex optical conductivity is given by o(w) =
EHIU[U;/U((U) + iagﬂ(w)]. Hence, using the Kramers—Kronig relations [39,40], the complex dielectric
function e(w) = 1+ %(w) can be computed for the metallic state relevant to MoO;,, providing a
microscopic scheme to study the voltage-capacity profiles of correlated battery materials [41]. However,
as in our earlier study of normal-state electrodynamic responses of LaOFeAs the approximation made
here is to ignore the k-dependence of electron’s velocity, vy ,. In this situation, following Saso et al. [42],
we approximate vy , by a single average carrier velocity (v, = v) for all orbitals. This assumption
works well for numerical computations of optical conductivity responses of Kondo insulators (FeSi
and YbBy») [42], V,05 [43], 3d! perovskite titanates [44], and to lithium-ion battery materials [41],
supporting our approximation in 07, , (w) above. The observed features in optical conductivity originate
from correlation induced spectral changes: Showing how this provides a compelling description of
extant experimental data [22] is our focus here.

In Figure 5 we show the real part of the orbital-resolved optical conductivity computed within
the LDA+DMEFT scheme. As expected, our formulation reveals a Drude-like peak in the coherent
FL regime at U < 3 eV. Moreover, as found in other correlated metals, large-scale two-particle SWT
with increasing U is also explicit in our results. In MoO;, this is linked to the reconstructed orbital

bonding-antibonding state in the correlated MO problem. An additional interesting feature in our
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results is the damped Drude component at U = 5 eV in the yz orbital. This behavior is characteristic
of a bad metal, and it is consistent with the emergent pseudogaped spectral function as shown in
Figure 3. However, the most interesting aspect of our many-particle description are the non-FL features
within the x? — y? orbital at U > 4 eV. At U = 4 eV we observe two peaks at 0.2 eV and 3.0 eV,
which can be understood as particle-hole excitations (of the two-particle Green’s function related
to the current-current correlation function in DMFT) from the valence band to the reconstructed
bonding-antibonding bands above EF, see Figure 3. As expected, with increasing U these two optical
peaks are shifted to higher energies, and for U = 4.5 eV we observe them at 0.72 eV and 3.37 eV.
Similar features as shown for U = 4.5 eV, i.e., very narrow Drude low-energy part followed by two
peaks were resolved in the optical spectra of MoO, [22]. According to our results, the first peak at
0.8 eV in optics [22] is interpreted as electronic excitations within the x> — y? orbital from the LHB to
a fully renormalized conduction band. The agreement between theory and experimental data could
be further improved by tuning the on-site Coulomb interaction strength in the x> — y? orbital sector
of MoO;. On the other hand, the method presented here is clearly performing robustly even for a
first guess of U, which makes our approach suitable for a rapid scan and characterisation of battery
materials candidates. Taken theory and experiment together, our work microscopically reconciles the
most salient low-energy features seen in optical (Figure 5) and PES (Figure 4) experiments, showing
the relevance of sizable electronic correlations (1.0 eV < U/W < 1.1 eV, here W =~ 4.5 eV is the
one-electron LDA bandwidth) in MoOs.
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Figure 5. Orbital resolved optical conductivity of monoclinic MoO, computed within LDA+DMFT.
Notice the changes in the Drude-like peak below 0.5 eV and its evolution with increasing U. For the
x? — y? orbital also relevant is the energy position of the first optical conductivity peak at 0.72 eV
for U = 4.5 eV which is in semi-qualitative agreement with experimental data taken from Ref. [22].
As discussed in the text, the two main peaks in optics are fingerprints of particle-hole excitations within
the correlated monoclinic phase of MoO;.
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2.3. Voltage-Capacity Using LDA+DMFT

Optical spectroscopy experiments are important for characterizing charge dynamics in solids [40].
Specifically, they measure how particle-hole excitations propagates in the system, uncovering the
detailed nature of the excitation spectrum itself. Motivated by our earlier studies on two-particle
responses of lithium-ion battery materials [41] in this work we show that coherent and incoherent
propagation of particle-hole pair excitations built from correlated electronic states are also applicable to
understanding charge/discharge experiments of anodic MoO, battery material [16,27]. To benchmark
a microscopic description of quantum capacity, we recall that capacitance of a flat circular disk of
radius R is given by C = 8Re [45], with ¢ being the dielectric constant. To make progress, we assume (i)
that linear relation with a constant slope holds true for moderate values of voltage V, i.e., C(V) ~ ¢(V),
as well as (ii) that the energy of electron-hole pair excitation probed in optical spectroscopy is close
to the potential change of the battery material during charge/discharge, i.e., w = V. With these
assumptions we have established [41] an analogy between electrodynamics and charging experiments
as long as C(V) = |¢(w)|. Thus, one can use our results for the complex dielectric function e(w) =
1+ % (not shown) to clarify intrisic features seen in the voltage profile of charge/discharge rate
capabilities [16,27].

Let us now discuss the implications of our results for a microscopic understanding of
voltage-capacity profiles of MoO, battery material. We shall first recall that in experiments the
charge-discharge cycling is limited to the potential window between 0.5 to 2.5 V [16,27]. However,
the two main charge plateaus in galvanostatic charge and discharge curves seen in experiments are
mostly located at voltage range between 1.3 and 1.8 V [15,16,27]. Hence, as displayed in Figure 6,
the MoO; electrodes have two potential plateaus at about 1.5 V and 1.3 V for lithium insertion [16,27],
and the voltage drop between these two plateaus is usually ascribed to a phase transition from
monoclinic to a orthorhombic lattice structure upon Li insertion [27]. Moreover, it is also noteworthy
that MoO; nanoplates [46] and nanorods [47] have excellent electrochemical and cycling performance
when the discharge cutoff voltage is set close to 1.0 V [46]. With this caveats in mind, in Figure 6 we
show our results for voltage versus capacity of discharged MoO; using our relation C(V) = |e(w)| for
the quantum capacity of battery materials [41].
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Figure 6. Rate capability of stoichiometric MoO, within LDA+DMEFT in the potential (V) window
relevant for future battery applications. Experimental voltage-capacity profiles of MoO; taken from
Refs. [27] (triangles) and [16] (diamond) are shown for comparison. (The experimental data was shifted

upward to coincide with theory at low specific capacities.) Notice the good qualitative agreement
between the experimental data and the LDA+DMFT results for U = 3.5 eV.
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As seen in Figure 6, stoichiometric MoO; has large potential versus capacity traces at two
characteristic values between 1.5 to 0.9 V for 3.0 eV< U < 4.0 eV; and good qualitative agreement
with experiments at finite capacity values is obtained using the LDA+DMEFT results for U = 3.5 eV.
Our description in Figure 6 thus implies that characteristic voltage-capacity profiles of MoO; anode
material [16,27] are originated from intrinsic optical spectral weight transfer in o (w) (from where the
quantum capacity C(V) is computed) [41] due to particle-hole excitations within the x> — y2,yz, xz
channels of MoO;. Interestingly, the V-dependence of our LDA+DMFT results for 4.0 < U < 4.5eV
are also consistent with experimental results in the low capacity range where the voltage increases
abruptly. This in turn suggests that the nearly undoped compound is in a sizable correlated regime and
that electronic correlations are slightly reduced upon lithiation, driving the anode material to a regime
where the on-site Coulomb repulsion is close to 3.5 eV. Thus, according to our theory-experiment
comparison, for capacity values above 1.8 where good agreement is seen in Figure 6 correlation effects
are predicted to be partially screened in Li-doped MoO, and this might be the electronic mechanism for
the monoclinic-to-orthorhombic structural transition observed during lithiation insertion reaction [27].
In this scenario, the volume change caused by the monoclinic-to-orthorhombic structural transition
observed during lithium insertion reaction correlates with partial screening of correlation effects in
electron-doped MoO,, which lowers on-site Coulomb repulsions. If this electronic factor alone can be
taken as driving force for the structural distortion, then strained MoO; may offer a means to minder
volume changes by keeping the material in a regime of stronger correlation effects, where strain can
contrast the screening effect of electron-doping by Li insertion.

Together with our previous work on Li)MoOj3 cathode material [48], the results presented here
prove the applicability and transferability of this approach to battery materials in general, anodic and
cathodic, towards a precise and computationally efficient characterisation of voltage-capacity profiles
in battery cells and devices. At the same time, this approach allows distinguishing between cathode
and anode battery materials candidates, within a database search or a crystal structure prediction
workflow. We expect this work to prompt further application of this computational strategy for novel
battery products.

3. Materials and Methods

The local-density-approximation plus dynamical-mean-field-theory (LDA+DMFT) is used,
which by construction includes the most relevant multi-orbital correlation effects and all-electron
degrees of freedom. The LDA+DMFT scheme is ideally suited for the investigation of Coulomb-driven
metal-to-insulator transitions, Fermi and non-Fermi liquid metallic states, as it best captures
dynamical correlations in idealized many-particle models as well as in real multi-orbital systems [8].
The LDA+DMFT method is a theoretical framework and a numerical tool, which provides insights
into fundamental questions like for example the existence of orbital and magnetic orders in strongly
correlated electron systems at low temperatures, as well as their response upon application of external
perturbations. The one-particle, LDA density-of-states are computed using the non-fully relativistic
version of the PY-LMTO code [30]. To incorporate the effects of dynamical electronic correlations in
this 4d transition-metal oxide, the multi-orbital iterated-perturbation-theory (MO-IPT) was used as an
impurity solver of the many-particle problem in DMFT, as described in detail in Refs. [31].

4. Conclusions

In summary, a comprehensive study of orbital-selective electronic reconstruction, optical and
galvanostatic responses in MoOj is presented in this work. In general, the good qualitative agreement
between our theoretical results and those observed in photoemission and optical conductivity
measurements support our view of sizable dynamical correlations as the driving mechanism towards
an orbital bonding-antibonding state reconstruction in monoclinic transition-metal dioxides. Existence
of Mo-Mo dimers along the c-axis follows as a consequence of multi-orbital proximity effect in the
orbital-selective metallic regime of MoO,. Our description of an electronic orbital reconstructed state
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has broad applications for the detailed investigation of doped molybdenum dioxide systems showing
unconventional metallic behavior at low temperatures [23,37]. It is also expected to open a new
pathway in understanding the physical properties of Mo-based [49,50] and other families of correlated
battery materials [48,51-53] with large Li-storage capacity and enhanced reversibility efficiency.
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