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ABSTRACT

Nowadays, the interest in tungsten oxide (WQO3) nanomaterials for many light-driven technologies
is significantly increasing due to their good biocompatibility, strong light absorption, and

stabilized emission at room temperature. However, the poor understanding achieved on the



photophysics of WO3 nanostructures, when compared to other prototypical nanomaterials, such as
TiO2, has largely mitigated their potential application as photo-active components in opto-
electronic devices. In this context, we have developed a multi-scale modelling approach to shed
light on the excited state properties (absorption and emission) of realistic WO3 nanoparticles by
means of Time-Dependent Density Functional Theory (TD-DFT) based methods. Upon validating
our methodology against high-accurate perturbative methods and the available experimental data,
we have demonstrated that the absorption and excitonic properties of the WO3; NPs can be easily
tuned by controlling their size and shape. In a second step, our calculations pointed to the use of
small NPs with a high density of surface atoms (i.e. spherical NPs) as the best strategy to enhance
the emission properties of these nanoparticles, demonstrating the importance of a judicious
morphological design to improve the targeted opto-electronic properties in nanomaterials, thus

opening the door to the practical exploitation of these materials in the field of opto-electronics.

1. Introduction

Nowadays, tungsten trioxide (WQO3) is one of the most employed materials for semiconductor
technologies such as photocatalysis,! electrochromic devices,? phototherapy,* sensors,* and opto-
electronics,’ due to its strong light absorption, easy processability, good biocompatibility, high
stability in strong chemical environments, and photochromic behaviour.® Most of these
technologies employ nanostructured WO3 materials as photoactive semiconductor due to several

7% For instance, facet engineering the bulk

advantages when compared with their bulk phase.
structure can open the possibility to tune at choice the opto-electronic properties of the

nanomaterial by carefully modifying their size and morphology.>!° Furthermore, when reducing



the lateral dimensions of the nanostructure below a certain quantity (the Bohr radius), quantum
confinement effects can assist the formation of stable electron-hole (e-h) pairs, yielding enhanced
emission at room temperature, thus making low dimensional WO3 materials very attractive for
light-emitting or imaging devices.> Nonetheless, despite overcoming some of the toxicity and
stability issues exhibited by some traditional quantum dot (QD) materials,'! up to now the practical
application of WO3 nanomaterials for opto-electronic applications (i.e. photodetectors, light
emitters, memories) has been mainly limited by a lack of fundamental knowledge of their
photophysical properties. Indeed, only a few examples of opto-electronic characterization of WO3
QDs have been reported to date. Some works have been dedicated to the study of the band gap

12 and their implications in the

expansion in WO3 QDs due to quantum confinement effects,
photocatalytic performance.!>!* These results evidenced that WO3 nanomaterials are particularly
sensitive to quantum confinement effects since the energy gaps (£) of the bulk phase can be
increased by 1.1 eV via the reduction of the QD diameter up to 0.8 nm.!? As a consequence, the
absorption features of WO3 NPs can be modified from a discrete band centered at 220-250 nm'>!6
to a sharp continuous absorption with a band edge at 475 nm,!”!8 by increasing the size of the
nanoparticle (NP). Regarding their emission properties, despite no photoluminescence (PL) has
been reported for the bulk WO3, as pointed out above, size confinement stabilizes the emission of
low dimensional materials at room temperature, making it possible to observe broad PL emission
peaks centered at 325-350 nm and 420-440 nm in the case of thin films,'>?* nanorods,?! and
nanowires.?? Indeed, in the case of thin films, the PL peak energy can be monitored by varying
their thickness.?* Moreover, the modification of the morphology of the WO3 nanomaterial enabled

to shift their emission up to 470-475 nm in nanowire-like structures.?*% In the case of WO3 QDs,

these materials displayed emission lines with different characteristics depending on their size: (i)



S. Cong et al. reported a sharp emission peak at Aem=300 nm for 1.6 nm QDs upon excitation at
Aabs=220 nm, '3 (ii) H. Peng et al. observed similar sharp emission of 1.3 nm QDs at Aem=400 nm
after excitation at Aabs=254 nm,'® and (iii) S. Wang et al. detected a broader emission centered at
Aem=461 nm for 2.5 nm diameter QDs after excitation Aups=348 nm.?® We can thus observe a
reduction of the Stoke shifts from 1.8-1.5 eV to 0.9 eV when increasing the diameter of the QD
from ~1.5 nm to 2.5 nm. Furthermore, the dependency of the emission peak with respect to the
excitation wavelength is more pronounced in the case of the larger nanostructures,!® since the
smallest QDs showed an emission band position which is independent of the excitation energy.!>:1¢
However, the origin of this emission remains still unclear and different phenomena such as band-
to-band recombination or the presence of defects (i.e. oxygen vacancies) are often invoked to this
purpose. An additional factor affecting the optical absorption features of WO3 nanomaterials is the
morphology, as it was evidenced by J. Liao et al, demonstrating that the absorption edge of these
materials can be finely tuned in a range of 2.3-2.9 eV by modifying the shape of the NP
(nanoplates, rectangular nanosheet, microspheres or hexagonal nanowires and bundles).?’” We can
thus conclude that the rationalization of the role played by quantum confinement and
morphological effects in the absorption and emission properties of WO3 nanostructures will

definitively help toward their technological exploitation.

To this end, theory has been proved to be a valuable tool to shed light on the photophysical
phenomena underlying the charge generation and recombination processes in semiconductor NPs,
once realistic structural models and a reliable methodology are finely set up.?®2° In a previous
work, we developed a combined G- Density Functional Theory (DFT) protocol to get an

estimation of the energetic levels of realistic WO3; NPs within a G level of accuracy.’! We



employed this methodology to draw important design rules to tune the energetic alignment in
single WO3 NPs*! and in WO3/WOs3 and WO3/TiO> NP heterojunctions,*? based on the
morphological engineering of the NP structures. Nonetheless, these calculations were limited to
the electronic structure of the WO3; NPs in their ground state (GS), whereas for getting a complete
picture of the photophysics of these systems one would needs to perform excited states calculations
within a reasonable level of accuracy. Generally, the methodologies used to this purpose in the
case of medium and large systems are based on Time-dependent DFT (TD-DFT), which, however,
usually require preliminary benchmark against experiments, showing generally a marked
functional- and system-dependence.**-* During the last years, however, many-body perturbation
theory (MBPT) methods based on the resolution of the Bethe-Salpeter Equation (BSE) have
become extremely popular due to their ability to provide a highly accurate and unbiased estimation
of the excited state properties of small systems, making them especially suitable for benchmarking
purposes.®>3 Unfortunately, both methods (TD-DFT and BSE) become computationally
prohibitive for affording the excited state properties of realistic nanoscale systems owing
thousands of atoms. In this regard, Grimme and co-workers developed an effective approach to
decrease the computational cost of the linear optical response calculations by applying a series of
approximations to solve the two-electron repulsion integrals, representing the major computational
bottleneck for this type of calculations, meanwhile maintaining the essential physics of TD-DFT.
This method, known as simplified TD-DFT (sTD-DFT or sTDA),*"3® provided results of

comparable level of accuracy of TD-DFT, but within a much lower computational burden.’

In this work, by employing the state-of-the-art methodologies mentioned above, we present a

multi-scale modelling approach aimed at evaluating the influence of quantum confinement and



surface termination effects on the optical response of nanostructured WO; materials, by
considering an extended set of realistic NPs of different sizes and morphologies. In a first step, we
make use of the excited state properties estimated at the GW/BSE and the TD-DFT levels of theory
to benchmark the results provided by sTD-DFT methods for small and medium size NPs,
respectively. Afterwards, we employ this method (sTD-DFT) to provide a reliable structure-
property relationship of the absorption features and exciton lifetimes of the WO3 NPs by
contrasting these results with the available experimental data. Finally, we employ the smallest NP
models to rationalize the emission properties experimentally observed in WO3 QDs. Our results
demonstrate that sSTD-DFT is able to reproduce the absorption properties of the NPs by including
relatively large fractions of Hartree-Fock exchange, and that dimensional confinement and the NP
morphologies are the key factors driving the optical properties of WO3 QDs, what has allowed us
to set up useful design rules to boost their absorption/emission characteristics based on

morphological engineering their structure.

2. Theoretical Methodology

Nanostructure models

The NP structures considered in this study are the ones reported in our previous work,?! as they
are represented in Figure 1. This set of NPs comprises n=8, 27, 64, 125, 216, and 343 cubic (WO3)a
particles; rectangular-shaped (WO3), particles with n=32, 147, and 400; spherical-shaped (WO3)a
particles with n=19, 32, 80, 147 and 281; hexagonal nanosheet (WQO3), particles with n=12, 24,
84, 144, 180 and 420; cuboid nanowires (WO3), particles with n=18, 24, 30, 36, 66, 126, 186 and

306. More details about the construction of the structures are given in the reference article.?!



Figure 1. Perspective view of the cubic, rectangular, spherical, nanosheet and nanowire (from the
top to the bottom) WOs; nanostructures investigated in this work. The highlighted NPs are the ones

used as a subset for performing the reference TD-DFT calculations.

GW/BSE calculations

The excited state calculations have been performed by solving the BSE®® on the top of the
electronic structure of the NPs calculated at the GI¥ level. In the GW formalism the quasi-particle
(QP) energies are obtained on the basis of the dynamical response to a perturbation applied to the
Kohn-Sham (KS) DFT orbitals. Two different G approaches have been employed in this work:
the one-shot GW approximation (GoW)) and the eigenvalue partially self-consistent GW (evGW),

where the self-energy (3)) is computed by iterating both G and W; while keeping frozen the KS



orbitals during the self-consistent cycle. In our particular case we employed the KS orbitals
calculated with the Perdew-Burke-Ernzerhof (PBE) functional* as starting point, due to the good
results provided by the GoWy@PBE method for the estimation of the WO3 NPs GS properties.®!
These calculations were carried out within a full-electron numerical atomic-centered orbital
(NAO) basis set, as implemented in the Fritz Haber Institute ab initio molecular simulations (FHI-
AIMS) program package.*! A Tier-1 basis set with light grid has been used, which yielded to a
similar quality with respect to the valence triple- plus polarization Gaussian Type Orbitals (GTO)
basis set.*> Relativistic effects have been accounted by employing the Zero-Order Random
Approximation (ZORA) to the Dirac equation.**** Finally, the resolution of the BSE has been
done by relying on the Tamm-Dancoff Approximation (TDA)* as it has been recently developed

in FHI aims code.*®

The optical properties of the monoclinic bulk phase have been computed adopting a plane wave
basis set, and considering the core electrons by means of the Projected Augmented Wave (PAW)
method,*’ as it is implemented in the Vienna Ab initio Simulation Package (VASP) 5.4.4 package.
The DFT Kohn—Sham (KS) energies have been corrected through single-shot GW calculations
(GoWp). To get the QP gap converged within ~ 10 meV, we considered 440 bands (i.e. 312 empty
bands). Afterwards, we computed the absorption spectrum by solving the BSE, including the 6
highest Valence Bands (VBs) and 6 lowest Conduction Bands (CBs) to ensure converged exciton
energies within ~ 10 meV. All calculations have been carried out at the experimental geometry*®
and by computing the exchange and correlation energies with the local density approximation
(LDA) of Ceperley and Alder.** We used an energy cutoffs equal to 500 €V and 200 eV for the

plane wave basis sets and the evaluation of the polarizability matrix, respectively, and the



reciprocal space has been sampled by employing a 6x6x6 k-points grid following the

Monkhorst—Pack scheme.?°

TD-DFT calculations

For the sake of coherence with the DFT functionals used as starting points in the GIW/BSE method,
the standard hybrid PBE functional (PBE0)’! with a Hartree-Fock (HF) exchange correlation (xc)
fraction of 25% was used to perform the TD-DFT calculations. We used a 3-21G* basis set for the
O atoms, whereas a LanL2MB type>? of basis was employed for the W atoms. It is important to
stress that we relied on this type of basis set in view of the large number of atoms containing the
largest nanostructures and more importantly, because the use of larger basis sets for both O and W
atoms was not translated into a gain of accuracy in the description of the absorption properties of
the NPs, as showed in Figure S1 in Supporting Information. Similarly to the resolution of the BSE,
we relied on the TDA to estimate the excited state properties of the WOs nanostructures since the
discrepancies in energies with respect to their TD equivalents were negligible (< 0.1 eV), as is
apparent in Table S1 in Supporting Information. For the evaluation of the emission properties of
the WO; NP we first optimized the GS geometries, prior to the relaxation of the excited state (ES)
of interest. We used an implicit water solvent environment to mimic the experimental conditions
of the optical measurements, which was accounted for by means of the Conduction Polarizable
Continuum Model (CPCM).> All this set of calculations were performed within the Gaussian 09

package.>*

sTD-DFT calculations

The DFT GS properties estimated with the Gaussian code were used as a basis to compute the

excited states by following the sTD-DFT formalism, as it is implemented in the grimme-lab/stda



set of tools.?”-*® Also in this case, TDA was employed in the simplified scheme (sTDA) in view of
the similar results obtained when compared with the sTD-DFT calculated values (see Table S1 in
Supporting Information). Finally, all simulated spectra were estimated by convoluting all
computed vertical transitions with Gaussian function of half-width at full-length of 6=0.09 eV.
Note that such a small ¢ value is required due to the large number of states contributing to the
spectra and was set as a compromise between the magnitudes needed to fairly reproduce the

experimental spectra for both small and large nanostructures.
Calculation of the exciton lifetimes

The exciton radiative lifetimes of our WO3; NPs have been evaluated by resorting to the Fermi’s
golden rule implemented for a 0D system within the excited state properties calculated at the STDA
level, as it is explained with more detail in ref.>> Within this method, due to the absence of a
crystalline momentum in a 0D system, each excited state (in our case the lowest energy one)
exhibiting a non-zero transition dipole possess an exciton recombination radiative rate at zero
temperature, also known as the Einstein coefficient (4;,). Then the exciton lifetime is evaluated
as the inverse of this coefficient by employing the formula:
o1 Zmegmec® (1)
(=0 = Aqp Bl na)zezf(l_,o)

Where &9, m., ¢ and e are the familiar fundamental constants, # is the reflective index of the medium
which was set to 1.333, w are the excitation energies, and f(1-0) the oscillator strengths. Hence, for

a finite temperature, the effective radiative recombination rates are estimated by taking a thermal

average only over different exciton states (s) by employing Boltzmann distributions as follows:
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3. Results and discussion

Benchmark on a sub-set of representative NPs

Since the excited state properties of the nanoscale particles can be only tackled by using the
simplified Grimme’s sTDA approach, here we benchmark this method against reference BSE and

TD-DFT calculations, as well as against the available experimental data, considering the smallest

cubic (WOs3)s NP as our reference model.

sTDA ——
TD-DFT ——
GoW,/BSE ——
evGW/BSE —
exp

Abs (a.u.)

——

200 250 300 350
Wavelength (nm)

Figure 2. Simulated absorption spectra for the cubic (WO3)s NP, as estimated with the sTDA
(black), the TD-DFT (red), GoWo/BSE (blue), and evGW/BSE (magenta color) approaches. Note

that the experimental spectrum of the WO3; QD from ref. 16 has also been represented with dotted

grey lines.
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The calculated absorption spectra are plotted in Figure 2, where we compare them with the
absorption features displayed by the smallest WO3 QD reported in the literature (1.3 nm), for
which, however, the morphology is not known.!® As is apparent, the agreement between the
GW/BSE spectrum and the experimental one is remarkable, both in terms of energies and
absorption profile. In this case, the use of partially self-consistent G energies for the GS did not
translate into a gain of accuracy, being the evGW/BSE spectrum largely blue-shifted (~1.64 eV)
with respect to the reference data. However, the intensity of the lowest energy states of the
GW/BSE spectrum (~360 nm for GolWp and ~240 nm for evGW) is clearly overestimated if we
compare with the experiments. Indeed, this feature is not observed in the sSTDA and TD-DFT
spectra which, in turn, exhibit absorption bands which are 0.85 and 0.57 eV blue-shifted,
respectively, with respect to the experimental data. Nonetheless, this can be easily corrected by
employing DFT functional with larger amounts of HF xc fraction and more importantly, the overall
shape of the experimental spectrum is quite well reproduced, especially in the case of the STDA
approach. It is noteworthy to mention that the discrepancies found between the theoretical and
experimental absorption energies may be also related to the choice of the model, since here we are
comparing the spectrum of this NP with one among the experimental ones for which no details

about the QD morphology were provided.

In a second step, we have selected several representative nanostructures, comprising the small and
medium size for each NPs' family, to evaluate the performance of the sSTDA approach with respect
to full TDA results. The first excited state energies (Es1) computed by using these two different
approaches are displayed in Figure 3. Note that, at this stage, we have chosen the lowest-energy
transition, Es1, as representative of the overall absorption properties, without any consideration if

this state is dark or bright. Regardless of the NPs’ family, the Es; values calculated with sTDA
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results overestimated for about 0.1-0.3 eV with respect to the ones computed with TDA. However,
since this deviation increases monotonically with the NP size, the Esi quantities estimated by both
methods follow an almost linear relation. Similar sSTDA vs TDA trends were found for the Es;
values calculated in the gas phase (see Table S2). Thus, one can employ the correlations found in

Figure 3 to correct the sSTDA exciton energies.

4.0] y=0.95"x+0.32 ]
1 R?=0.995
35 .
> g
D 30- -
g 5] et m cubic
- l P i m rectangular |
o 2.01 @ spherical A
= 15. ./‘I/‘ e nanosheet
=] y=x nanowire

15 20 25 30 35 4.0
E., sTDA (eV)

Figure 3. Correlation of the Es; energies calculated at the sSTDA vs TDA levels of theory for the

subset of NPs highlighted in Figure 1.
Evolution of the absorption and excitonic properties with size and morphology

Having validated the accuracy of the sSTDA method to reproduce the excited states of the WO3
NPs, we can move now to investigate the influence of the NP size and morphology on their optical
properties. To this aim, we have considered all the experimental absorption spectra of WO3
nanostructures reported in the literature to employ them as a reference for validating our sTDA

calculations. The results of the STDA computed spectra for all NPs belonging to the cubic,

13



rectangular, and spherical families (the 3D nanomaterials), and their comparison with the reference

experimental data are presented in Figure 4.

Abs (a.u.)

200 300 400 500 600
Wavelength (nm)
Figure 4. Simulated absorption spectra for all set of cubic (black), rectangular (red) and spherical
(blue) NPs depicted in Figure 1 as calculated by sTDA (from the top to the bottom). The
experimental available spectra (purple) are plotted in the top panel. Note that the color darkness

used to represent each NP family increases with the size of the nanostructure, and that the NP

14



diameters and number of units for each experimental and theoretical spectrum, respectively, are

indicated inset.

Starting with the cubic NPs, we can observe that the agreement between the computed and the
experimental spectra is remarkable: the shape and energy of our n=8, n=27, and n=125 (WO3)x
cubic models fit pretty well with the absorption spectra of the 1.3-1.5,!51¢ 2,526 and 2.9 nm>®
diameter QDs, respectively. Note that the size of the experimental QDs is larger with respect to
the models employed here to reproduce their absorption spectra. For instance, the computed
spectra for the smallest cubic NP model, having a lateral size about 0.5 nm, reproduce quite well
the experimental one obtained from 1.3-1.5 nm diameter QDs. Despite of this, the evolution of the
absorption features with the NP size observed experimentally is nicely captured by our models,
thus showing an excellent qualitative agreement with the experimental data. In this regard, the
smallest NP presents a sharp lowest energy absorption band centered at 250 nm composed of a
discrete number of states, with a considerable number of dark charge transfer (CT) states in the
VIS region. For the medium size NPs, the lowest absorption band corresponds to a broad shoulder
around 360 nm, which is located between the low energy CT states and the higher energy
continuous band. The core-to-edge CT nature of the lowest energy states of these NPs has been
confirmed by analyzing the Natural Transition Orbitals (NTOs)>” and the TheoDORE CT density-
matrix analysis® of these states (see Figure 5 and Table S3 in Supporting Information). These data
evidenced that these CT states are originated by the presence of unoccupied states located around

the W atoms at the surface.
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Figure 5. NTOs for lowest energy state of the cubic (WO3)es (left) and spherical (WO3)s7 (right
part) NPs. Horizontal arrows are used to represent the hole to electron excitations. The isovalue
used to plot the isodensity was set to 0.02 a.u. The rest of the three lowest energy states for both

nanostructures are presented in Figures S2 and S3.

Finally, the larger nanostructures display an almost continuum absorption, similarly to what
observed experimentally for the bulk phase.>® For this reason, the absorption threshold obtained
by Tauc plot band edge measurements is commonly employed to estimate the band gap of the
bulk-like WO3 materials.®® Very importantly, the band edges of the larger NPs start to converge
with n=216 (2 nm of lateral dimension) and present an absorption threshold about 550 nm, which
is clearly underestimating the gap energies measured for the monoclinic bulk phase (475 nm)!” by
about 0.4 eV. Concerning the rectangular NP family, the smallest nanostructures (n=32 and n=147)
display similar spectral shapes with respect to the cubic NPs of the same size (n=27 and n=64).
Furthermore, the largest system (n=400) displays an absorption band offset (570 nm) very close
to the one of cubic family, thus underestimating the experimental bulk gap values to a similar
extent. In spite of this, the calculated absorption edge energies for these NP families (cubic and
rectangular) were in fair agreement with the ones reported for hydrated WOs3 nanoplates (550
nm).2”%! For the spherical NPs, these systems showed a similar evolution of the spectra with the

size as the cubic family, with the n=19 and n=32, n=80, n=147 and n=281 reproducing the
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experimental absorption features for the small, medium and large QDs, respectively. However, in
this case the absorption thresholds achieved by larger nanostructures converged with respect to
their size to an energy of 455 nm, thus showing a good match with the experimental values with a
small over- and under-estimation (0.1 €V) of the bulk!” and microsphere NP?7 gaps, respectively.
More importantly, our calculations fairly reproduced the band gap expansion of about 0.4 eV
observed experimentally when moving from cubic-like to spherical NPs.2” In a similar way, the
GW/BSE simulated spectrum of the monoclinic bulk phase showed an absorption threshold around
400 nm (see Figure S4 in Supporting Information), which yielded to an overestimation of the
experimental optical gap by 0.5 eV. Similar overestimation of the electronic gaps computed at the
GW level have reported previously for the bulk phase.!® On overall, it appears that standard hybrid
functional can quite accurately reproduce the bulk-like absorption edge energies of the spherical
NPs within a precision even better than high-accurate perturbative methods, whereas for the cubic

and rectangular morphologies larger amounts of HF exchange may be necessary.

Moving to the lower-dimensional NPs (nanosheets and nanowires), their absorption features are
quite different with respect to the previous NPs due to their 2D- and 1D-like nature and their
distinct bulk phase (monoclinic vs hexagonal). In the case of the nanosheets, their lowest energy
absorption characteristics depend on their particular surface termination (see Figure 1): the
hexagonal-like termination NPs (n=12, 60, 144, and 420) exhibit a sharp absorption peak, whereas
the star-like termination NPs (n=24, 84, and 180) display a broad shoulder peak located between
the CT and the continuous absorption band (see Figure S5). In both cases the energies of these
absorption bands are not largely affected by the size of the NP, being located at 350 nm for the
hexagonal-like, and at 380 nm for the star-like nanosheet particles. This could be ascribed to a

high localization of the excitations on the NP core, whose size already converges for medium
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systems (see Figure S6). Finally, the absorption of the nanowire particles in their lowest energy
region is dominated by a broad band, whose energies span from 280 nm for the n=18 NP to 525
nm for the n=126 system (see Figure S7). Notably, the absorption characteristics of this NP family
are well-converged for a size of n=126 (7.6 nm of length). These results confirm the marked
dependence of the morphology in the absorption properties of WO; nanostructures and the
possibility of targeting the absorption at different wavelengths of the UV-Vis region by controlling

the size of the synthesized NP.

With the aim of getting a deeper knowledge of the excitonic behavior of our WO3 NPs we have
estimated their exciton lifetimes by following the procedure described in the last part of the
Methodological section. Note that, in view of the impossibility of analyzing the NPs in their
excited state relaxed geometries due to the prohibitive computational overhead needed for these
calculations, we resort to the lifetimes calculated in their GS geometries, assuming that the
emission is taking place via radiative recombination, as it has been established in previous
theoretical works.®? For the cubic and rectangular NPs the computed lifetimes lie within a range
of few to some dozens of us (see Figures S8 and S9). Contrary to intuition, the largest NPs of the
cubic family are the one displaying the highest lifetime, due to a marked core-to-edge CT character
at the nanoscale resulting in low oscillator strength coefficients. Nonetheless, for both cubic and
rectangular largest structures these lifetimes are considerably decreased when increasing the
temperature, thus indicating a large destabilization of the excitons due to thermal effects for these
NPs. In a similar way, spherical NPs displayed lifetimes within the same range of values, with the
exception of the largest NP (n=281), whose estimated lifetime amounted to 0.5 ps (see Figure
S10). This difference in the lifetime magnitude when compared with the smaller NPs of the same

family can be traced back to the change of HOMO nature (delocalized on the surface/core for the
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small/large NPs) observed when increasing the NP diameter up to 6.9 nm,*? thus yielding to a
significant reduction of the CT character. Regarding the hexagonal nanostructures, their lifetimes
were found slightly lower in some NPs which showed lifetimes in the order of the 0.1 ps scale (see
Figures S11 and S12). Among them, the one exhibiting the shortest lifetimes (0.01 ps) corresponds
to the largest WO3; NP considered in our study (n=420 units), indicating that the calculated
lifetimes may not be converged with respect to the NP size and confirming the general trend of the
lifetime decrease when moving to bulk-like structures. Notably, the range of exciton lifetimes
estimated in our work was found quite similar with respect to the one calculated for TiO2 NPs by
relying on a similar approach (0.05-50 ps), but with the excited states computed at the full TDA
level.®? By comparing our calculated values (in the us scale) with the experimental lifetimes of the
WO; thin films obtained by time-resolved PL spectroscopy, amounting to few ns and displaying a
much more pronounced bulk-like behaviour,?* we can individuate a mayor role played by surface
termination effects in the emission properties, which may become dominant when increasing the
surface-to-volume ratio up to a certain extent. This conclusion goes in line with the intensity
enhancement and red-shift of the emission peaks observed when moving from thin films to needle-
like nanostructures, being the proportion of surface atoms much higher in the latter case.?* Before
closing this section, it is important to highlight that the best reference to compare our calculated
exciton lifetimes will be the values measured experimentally for WO3 QDs; which, as the best of

our knowledge, are not currently available in the literature.

Unraveling the emission properties of WO3 NPs

In view of the good capability of cubic (WOs3)s NP to capture the absorption properties of the 1.3-
1.5 nm QDs,'>!¢ we have employed this model to investigate the emission properties displayed by

these nanomaterials. It is noteworthy to mention that we sticked to the smallest NP model since
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the relaxation of the bright ES of larger structures becomes computationally prohibitive in view of
the huge number of states involved in this process (> 200 states). Figure 6-a represents the
simulated absorption spectrum of the cubic (WO3)s NP, which is compared with the experimental
reference placed on the top panel of the figure. Clearly, the main transitions which are conforming
the lowest energy absorption band from the experiments correspond to the states Sz> and Ss7 (the
ones depicted with blue and purple arrows, respectively), which are located at 273 and 254 nm,
respectively. Assuming that these states are the ones which are populated upon photoexcitation,
we have thus proceeded to their geometrical relaxation. It is important to highlight at this stage
that due to the large number of states involved in the ES relaxation, many crossings of states are
expected to take place during this process, which makes it impossible to get a clear correlation
between the states of departure and the ones of the relaxed geometries. In this viewpoint, we have
focused our analysis on the structural properties and the nature of the emitting states in the ES
geometries. Upon ES relaxation, both Sz» and Ss7 display similar geometries (see Table S4 and
Figure S13 in Supporting Information), and more importantly, both ES geometries present
emission lines (Table S5 in Supporting Information), which appear at 357 nm in both cases
corresponding to emission from the So state (see Figure 6-b). This finding is in perfect agreement
with the experimental evidences, since the position of the emission peak displayed by WO3 QDs
was found independent of the excitation wavelength.!® It is important to highlight that the lowest
energy states below So were not considered responsible of the emission in view of the experimental
PL evidences, since both its exciton wavelength independence and the high reported PL quantum
yields (13.5%) pointed to a radiative recombination through a strong luminescent bright channel.!®
In a further step, we have relaxed the S state starting from the S22 and Ss7 geometries to check if

the emission from this state (So(S20) and So(Ss7) in the following) is close to the one displayed from
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these S22 and Ss7 relaxed structures. Interestingly, despite their different structural properties,
So(S22) and So(Ss7) geometries present their emitting states at 370 and 363 nm, respectively. As a
result, we can conclude that all ES geometries display emission lines with wavelengths in the range
of 360-370 nm, which is in semi-quantitative agreement (ca. 0.3-0.4 eV) with the emission peaks
of the WO3 QDs observed at 400 nm.!® With the objective of clarifying the origin of the Stoke
shifts experimented by WO3 QDs, we have evaluated the modification of the GS structural
parameters upon the relaxation of the ESs, namely their bond lengths, angles, and dihedrals (see
Table S4 and Figure S13 in Supporting Information). As a matter of fact, the most prominent
geometrical modifications with respect to the GS geometries for both Sz and Ss7 states involve
the shortening of one of the W-O bonds in the NP core, which entails an elongation of the
neighboring W-O surface bond (see Figure S13). This bonds deformation comes from the CT
character of the emitting states from the O surface states to the core (see Figure S14). Since the
bright states responsible for the absorption start to localize on the NP core when increasing its size
(see Figure S15), the impact of this local deformation of the surface bonds in the emission
properties of larger NP is expected to be lower, as it has been confirmed by the fact that the Stoke
shifts of WO3 QDs halves by increasing 1 nm their diameter, as discussed in the introduction.!>-1626
These findings suggest that the excitonic behavior of WO3 QDs can be enhanced by reducing their
size and increasing the number of surface bonds, for instance, by using spherical-like

morphologies.

21



250 300 350 400

Wavelength (nm)

Figure 6. a) Absorption and emission spectra for the QDs reported in ref. 16 (top); and for the
cubic (WO3)s NP estimated with TD-DFT by following the relaxation of brightest states in the GS
geometry (Ss7 (blue) and S», (pink arrows)), and considering that the states responsible of the
emission lines are the lowest energy bright states in the ES geometries (see the computed
absorption spectra at the Ss7and S geometries with dashed lines); b) energetic scheme of the ES

relaxation pathways followed by the Ss7and S22 and their emission in their correspondent minima.

4. Conclusions and perspectives

Herein we have reported an unprecedented theoretical study of the optoelectronic properties of

WO3 nanostructures, mainly focusing on their absorption and emission spectra, and their exciton
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lifetimes. Firstly, we have validated the simplified Grimme’s method, sTDA, used here to evaluate
the optical properties of realistic nanoscale particles, by benchmarking the results against MBPT,
full TD-DFT methods and experiments, when available, for small and medium size NPs.
Interestingly, we have found that for this range of sizes, sSTDA can provide estimations of the
absorption energies upon correction of the systematic underestimation of energies with respect to
the TD-DFT values, within the same precision as TD-DFT; whereas for the reproduction of the
overall shape of the simulated spectra, this method performed even better than TD-DFT or MBPT
approaches. Afterwards, we have investigated the evolution of the absorption characteristics with
the size and morphology of the NP. Interestingly, our models have been able to reproduce the
characteristic absorption features of the small, medium, and large WO3 nanostructures reported
experimentally, whereas the energies of the size-converged spectra were diverging as a function
of the NP morphology. In a final step, we have analyzed the emission properties of WO3; QDs by
evaluating the relaxation of the lowest energy bright states of the reference cubic NP, and by
estimating the exciton lifetimes for all series of NPs. These results demonstrated that all ES
geometries are characterized by a local distortion of the surface W-O bonds and by emission lines
centered at 360-370 nm, which are in nice agreement with the ones observed experimentally at
400 nm. On the same vein, the different order of magnitude in the calculated exciton lifetimes (us
scale) in our NPs with respect the experimental values measured for thin films (few ns)
demonstrated that in WO3 QDs the emission lines are mainly dominated by surface termination
effects, thus pointing to surface treatment methods as the most efficient strategy to monitor the

emission properties of these materials.

We show here that by setting up reliable theoretical and structural models one can investigate the

photophysical properties of WO3 nanostructures and draw useful structure-properties relationships
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to tune absorption and emission properties of WO3; NPs. With this work, we aim to encourage the
opto-electronics community to put more research effort in clarifying the photophysics of WO3
QDs, for instance, by evaluating their exciton dynamics via Transient Absorption Spectra (TAS)
or time-resolved PL spectroscopy measurements. The combination of these experimental
outcomes and our theoretical models can pave the way to a more efficient utilization of WO3
nanomaterials for opto-electronic purposes what, combined with their good biocompatibility and
high chemical and structural stability, can bring them to the commercial exploitation in many

conditions and environments which are barely accessible for traditional QDs.
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