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Materials with broadband tunable optical properties
are looked for in smart windows applications. Doped metal oxides
presenting dual-band visible (VIS)—near-infrared (NIR) electro-
chromic properties can be used for solving such a challenge, and
their accurate optical characterization is therefore of prime
importance. The Kubelka—Munk model is a state-of-the-art way
to optically quantify the absorption properties of materials and is
occasionally applied to plasmonic materials, even if great care
should be taken to meet the formalism hypotheses. In the present
work, Kubelka—Munk theory is discussed in the context of
particles of indium—tin oxide and molybdenum—tungsten oxide
formulations that are used as single-NIR and both-VIS/NIR active
advanced electrochromic materials, respectively. An analytical model is derived for particles of much smaller dimensions than the
incident wavelength and is experimentally verified. A dilution method is applied to verify the plasmonic characteristics of the
particles. This study is key for the efficient characterization of the optical properties of metal oxides and plasmonic materials in
general, from diffuse reflectance measurements.
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determine the absorbance spectrum of plasmonic particles is
to disperse them in a suitable liquid solvent and measure
absorption using the Beer—Lambert law.”* However, such an
easy optical characterization fails in some cases, for example,
when the processed liquid suspension is unstable.

The Kubelka—Munk model,”’~"" originally derived for
paintings,'> uses simple diffuse reflectance to probe the
absorption properties of solid-state samples. Due to its easy
implementation for powders of particles, the model has been
widely applied in scientific and industrial characterizations of
materials such as paper,'”'* pigmented plastics,”” human
tissues,16 teeth,"”'® or pigment mixtures including iron
oxide."” It was also applied to a range of plasmonic
materials.”’** However, one should not forget that the
Kubelka—Munk formalism comes with specific hypotheses,'’
such as a weakly absorbing medium necessary to minimize
specular reflection. Careless use of the Kubelka—Munk
formalism for highly absorbing media, such as plasmonic

Plasmonic materials have gained interest due to their enhanced
light—matter interactions, impacting fields such as sensing,
imaging, targeted drug delivery, or photothermal therapy.'
Among the variety of compositions of plasmonic particles,
doped metal oxides have shown interesting properties for
surface-enhanced Raman scattering (SERS) spectroscopy,
visible light-enhanced catalytic reactions, and electrochromic
materials for smart windows applications. Smart windows based
on plasmonic electrochromic compounds offer the possibility to
fine-tune the visible (VIS) and near-infrared (NIR) parts of the
solar spectrum independently, which is not possible with
conventional, nonplasmonic electrochromic materials.” Such
dual-band operation is looked for increasing energy savings in
buildings, allowing one to selectively manage luminosity and
heat via different modes of solar light modulation among bright
(VIS- and NIR-transparent), cool (VIS-transparent, NIR-
opaque), warm (VIS-opaque, NIR-transparent), or dark (VIS-
and NIR-opaque) optical states.” —
Selected formulations of doped metal oxides such as indium— October 15, 2024
tin oxide ITO" or substoichiometric tungsten oxide WO;_,>° January 9, 2025 \
are particularly relevant in this context, respectively responding January 10, 2025
in the 1500—2000 and 800—1200 nm wavelength ranges. Their February 3, 2025
optical properties (absorption/transmission) need, however, to
be finely characterized. A common experimental way to

© 2025 American Chemical Society https://doi.org/10.1021/acsaom.4c00432
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Figure 1. (a) Experimental setup for (a) Beer—Lambert absorption measurements in liquid suspension, and (b) Kubelka—Munk model for plasmonic
particles (in gray), with both undiluted and diluted configurations (diluting agent in blue) inside an integrating sphere.

particles around their localized surface plasmon resonance
(LSPR), should be avoided. To the best of our knowledge, a
detailed study of the conditions of application of the Kubelka—
Munk theory to plasmonic particles is missing from the current
literature.

Therefore, in this work, we discuss the use of the Kubelka—
Munk formalism and the validity of its hypotheses in a plasmonic
context. We derive an analytical formula for computing the
Kubelka—Munk function in the case of small plasmonic particles
within the quasi-static approximation. This analytical derivation
allows us to identify characteristic signatures in the Kubelka—
Munk spectrum of plasmonic particles upon dilution in a
suitable dielectric background. We produce different formula-
tions of particles, i.e., indium—tin and molybdenum—tungsten
oxides, and verify their plasmonic characteristics using diffuse
reflectance spectrometry, according to the derived analytical
model. These plasmonic particles are particularly interesting in
the context of designing broadband optically tunable materials,
notably for electrochromic smart windows applications.

Optical properties of plasmonic particles processed as
suspensions from colloidal synthesis approaches are classically
determined through spectrophotometry. The obtained suspen-
sion is illuminated by an incident intensity I, while the emerging
electromagnetic radiation of intensity I < I is collected in a
detector after going through an optical path z in the particulate
medium (Figure 1a).*

The experimental situation can be modeled as a collection of
particles, more or less uniformly distributed within the region 0
< z < d, with a nonabsorbing background (in blue in Figure 1a),
and a number of particles per unit volume N. In this case,
scattering is considered incoherent, with the separations
between the particles being uncorrelated during the measure-
ment. Therefore, one can deduce the well-known Beer—
Lambert law®

I(z) = Ije =" (1)
providing the intensity of attenuated light after a distance z, with
the attenuation coeflicient u., = NC,, = NC,, + NC, =
2(k +s), where C,, Cy,, and C,, are the extinction, absorption,
and scattering cross-sections, and k and s are the absorption and
scattering coeflicients, respectively. Using the Beer—Lambert
law, one usually characterizes the optical properties of a
H
In 10’

(plasmonic) material by its absorbance A = —log(T) =

with T = @ being the transmittance through the suspension.
0

297

This model considers a single unidirectional energy flux.
Therefore, eq 1 and the deduction of the absorbance are valid
for small contributions from scattering to the total attenuation,
ie, NC,d = sd < 1. This condition is generally met in
plasmonic materials when the size r of the particles is smaller
than the LSPR wavelength A = 277/k’, where k' is the wave vector
inside the medium, hence neglecting scattering in the quasi-
static limit, i.e., Co & Cy if k'r << 1.

However, for suspensions unstable because of their
composition and/or processing method, this methodology
using dispersed particles in a solvent may fail at correctly
providing optical characterization of plasmonic particles.
Nevertheless, a relatively direct optical measurement can still
provide a characterization of the absorption properties of a
particulate medium if one measures the diffuse reflectance of the
particles being processed as powders, potentially from proper
filtration and/or evaporation/drying of the aforementioned
unstable suspensions, using the Kubelka—Munk (KM) formal-
ism.'"** The latter provides a direct link between the absorption
coeflicient k, the scattering coeflicient s, and the measured
diffuse reflectance R, as

s 2R

1-R.)
KM=k=7( °°).

)

o

Using the above definitions for the absorption and scattering
. . Cupe )
coefficients, the KM function is equal to KM = —*. Provided

that the scattering coefficient is constant,'' measuring the diffuse
reflectance gives an easy way to access the absorption cross-
section of a material. This is the reason why the KM function is
generally assimilated to (or confused with) an absorption
spectrum.

Originally developed for characterizing paintings,'” special
care should however be taken when used for characterizing
plasmonic particles. A simple glance at eq 2 indicates that a
vanishing scattering coefficient as for small particles—but not
necessarily absorbing—would cause a divergence of the KM
function, and hence the wrong use of the eq 2 as is. A more
detailed analysis requires recalling the underlying hypothesis of
the KM model.

The KM model can be seen as an extension of the Beer—
Lambert model as it considers energy flux in two opposite
directions (Figure 1b) rather than a unidirectional flux. We
suppose a sample of powder of thickness d being divided into
infinitesimal layers of thickness dx relying on a substrate. The
KM model is based on three hypotheses'":

https://doi.org/10.1021/acsaom.4c00432
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1. The particles inside the infinitesimal layer are considered
as randomly distributed and with a size smaller than the
thickness of the layer (r < d);

2. The sample undergoes diffuse irradiation;

3. The sample should display ideal diffuse reflection, i.e.,
reflection is isotropic, following Lambert’s cosine law.”**’
Therefore, we can neglect specular reflection R in the
total reflectance R=R_,.. + R, & R ~ R..

spec

The first hypothesis allows us to consider the particle layer as
homogeneous, and avoids treating individual particles constitut-
ing the layer. Conse%uently, the shapes and sizes of the particles
can be nonuniform.”® The sufficiently thick layer also ensures
that one can neglect the reflectance coming from the substrate.
This assumption is usually met under realistic experimental
conditions.

The second hypothesis enables the isotropic distribution of
scattering within the layer.” In practice, no differences, within
experimental errors, could be observed among three scenarios:
(1) directive (45°) incident irradiation and directive vertical
detection; (2) inside an integrating sphere, diffuse incident
irradiation (i.e., the KM hypothesis), and vertical detection; and
(3) inside an integrating sphere, vertical incident irradiation, and
diffuse detection (our setup, as shown in Figure 1b).""

In the case of low reflection/high absorption, which is the case
around plasmonic resonance, the applicability of the KM model
is questionable since the third hypothesis is not met. Specular
reflectance for an interface separating medium 1 with refractive
index n; and an absorbing medium 2 with refractive index
i, = n, + ik, is easily obtained using the Fresnel formula.’**" It
yields normal incident light:

(n, — n)* +«*

(g + ny)? + &

spec

©)

At the limit of high k, the specular reflectivity tends to one, and
R, is negligible. This remark is important for plasmonic systems
that are highly absorbing at resonance. Therefore, directly
applying the KM theory leads to unsuitable use of the model."!

In order to counter this, using a dilution method enables one
to respect the KM hypothesis and properly characterize the
absorption properties of the sample. It consists in grinding the
absorbing powder and mixing it with a nonabsorbing standard
such as LiF, NaCl, BaSO,, or MgO, being added in excess so that
it eliminates the original specular reflection. Consequently, the
scattering coefficient of the mixture is almost solely determined
by the scattering coefficient of the diluting agent.”* Using the
pure diluting agent as a reference for the reflectance measure-
ments enables one to neglect residual specular reflection as well
as possible deviations from the isotropic scattering distribution
in such a way that the measurements become independent of the
experimental setup. Kortum explicitly demonstrated that the
KM spectrum from undiluted anthraquinone does not resemble
the “real” KM spectrum obtained by diluting anthraquinone in
an ethanolic solution.”” The real spectrum is only recovered
once the powder is sufficiently diluted in NaCl. The same
behavior occurs for plasmonic particles, as shown below.
Therefore, such a dilution method is a convenient experimental
tool to optically characterize absorbing powder and should be
considered as a sine qua non condition for using the KM model
with plasmonic particles.

Applying the dilution method to the KM model for plasmonic
particles mixed with a diluent agent reaches:

298

kmix _ kplas + kdil ~ k

plas

KM = —

5 + sql S4il

(4)

where the indices mix, plas, and dil stand for mixture, plasmonic,
and diluent agent, respectively. We assume that the diluent agent
is nonabsorbing (kg — 0) and dominates the scattering
coeflicient of the mixture. The latter assumption is not very
restrictive if the diluent is in the coarse-grained state (i.e., the size

S plas

'mix

Tail > Tplas = Sail 3> Spis)- To provide an example, using the
particles described below, ITO (rplas = o = 3 nm) and LiF

(rgn = rur = 6.75 pm) particles have corresponding scattering
cross-sections of syrg = 3.5 X 1072 ym? and s ;z = 106 m? at the
plasmonic resonance (1.5S pm). Considerin% a constant
scattering cross-section of the diluent agent C,, 4, ! one obtains

Nplascabs,plas

KM = .
l\rdilcsca, dil

(5)

Therefore, one can now correctly relate the diffuse reflectance
measurement to the absorption cross-section of the plasmonic
particles measured once they are diluted, meeting KM
hypotheses. Crucially, a trade-off must be reached between a
sufficient density of plasmonic particles N,; to have a
measurable signal-to-noise ratio, and a not-too-high quantity
to avoid specular reflection, as discussed above.

If one wants to relax the condition rg; > r,,, having bigger
plasmonic particles, proper evaluation of the scattering cross-
sections of the different particles should be taken into
consideration according to Mie theory.”*** The scattering
cross-sections sq; and s, should be compared to gauge whether
the approximation of eq 5 is still valid or if one must use the more
general eq 4.

Moreover, if the plasmonic particle size (here the radius) is
small compared to the vacuum wavelength r,;,, < 4o, one can
refine eq 5 to provide an analytical formulation for the KM
model. We then use the electrostatic approximation for spherical
plasmonic particles"* to get

2 —
8x 1 f;;las 3 gplas Em,eff
KM ~ _/1 C 71 rpIaS /Em’efflm 5
0 sca,dil - plas Eplas + Em,eff
(6)

with f,, being the filling fraction of plasmonic particles, related
to the mass percentage of plasmonic particles used in the
dilution m,;,,(%) and the mass densities p:

mplas(%)

Polas .
Maa(6) + ()1 = 1, ()

fplas =
(7)

The small spherical plasmonic particles have a permittivity
€,1s émbedded in an environment of permittivity &, (Figure 1b).
The latter can be approximated by the effective permittivity €, .«
using a Bruggeman model® to consider the effect of the varying
quantities of plasmonic and diluent constituents upon dilution.
The resonance in the analytical KM function corresponds solely
to the Frolich condition Re(e,,(@)) = —2¢,, .4 i-e., the dipole
surface plasmon resonance of the sphere. It should be noted that
changing the diluting agent has a direct influence on the
plasmonic absorption peak: an increased surrounding permit-
tivity induces a shift of the absorption maximum. More details
and discussion on the derived model can be found in SM1.

The presented analytical model (eq 6) is derived solely for the
case of small spherical particles compared to the wavelength, i.e.,

https://doi.org/10.1021/acsaom.4c00432
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Figure 2. Impact of dilution of plasmonic particles, here ITO, on the KM function. Insets: values for m;ro = 10% and mypo = 1%.

within the electrostatic approximation.”® If plasmonic particles
grow bigger compared to the wavelength, the kind of material
influences the limit of the approximation;’* therefore, the
electrostatic approximation is not valid anymore. One would
then recommend a numerical evaluation of eq 5 and the cross-
sections using Mie theory™*>** if any modeling of the KM is
desired.

Furthermore, as mentioned above, scattering cross-section of
the plasmonic particle cannot be neglected anymore, and both
absorption and scattering cross-sections should be carefully
evaluated using Mie theory.

3.1.1. Analytical Model for Plasmonic ITO. To further
characterize the trends of the KM model for plasmonic particles
upon dilution, let us apply the analytical model (eq 6) to indium—tin
oxide (ITO) as a state-of-the-art formulation allowing for NIR-
modulating plasmonic electrochromism.***~* We model here ITO
nanoparticles of radius r;7o = 3 nm and density piro = 7.18 g/cm®
diluted in LiF, with p ;= 2.64 g/cm® and &5 = 1.92."' We use a Drude
model for the permittivity of ITO (see details in SM2 and Figure S1).
Here, C,, 4 is considered as a scaling factor, as discussed in SM1. One
can clearly see three major characteristics of the effect of increasing
dilution of plasmonic particles, i.e., decreasing m;rq value, on the KM
spectra (Figure 2):

1. A red-shift of the peak of the KM function;
2. A diminution of the intensity of the KM function;
3. A broadening of the peak of the KM function.

The derived analytical model for the KM function is dominated by
the absorption cross-section of the plasmonic particles, as seen in eq 6,

specifically with the terms ’SIas: [Em,efr and Im( ) The

€plas ~ Em,eff

Eplas 26 off
effective permittivity of the surrounding medium evolves from being
dominated by ITO (&7 < 0) to the one of LiF (& > 0) upon dilution.
This increased effective surrounding permittivity causes the red-shift, as
the frequency of the plasmonic peak for small spherical particles is given
by wy = w,//1 + 2¢,, with o, being the plasma frequency.' This
well-known result for the absorption cross-section of plasmonic
particles is illustrated in Figure S2 (see SM2). The diminishing filling
fraction of plasmonic particles, once the mass percentage of those is
lowered (eq 7) upon dilution, impacts the intensity. A lower number of
plasmonic particles means lower k;,; and higher sy in eq 4, hence a
globally diminishing intensity of the KM function. Finally, the
broadening is related to the abovementioned Frolich condition for
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plasmonic resonance. If &, increases, Re(g,1,;) becomes more negative,
and correspondingly, in a Drude model, Im(eplas) increases (see
Figure S1, SM2), resulting in a broadening of the peak.

The impact of other parameters, such as modifications of the radius
of the plasmonic particles r,,, the plasma frequency w,, or the damping
constant y, on the analytical model of KM for plasmonic particles is
further discussed in SM2.

One can wonder for which filling fraction of plasmonic particles the
KM hypotheses are specifically met. There is no universal answer to this
question.'" However, the present work can provide some guidelines.
The main motivation of the dilution method was to meet the third
hypothesis of the KM model, lowering the specular reflection and
maximizing the diffuse reflectance. The quantity of plasmonic particles
should be small enough to meet those criteria. It should be noted here
that the second hypothesis of the KM model also supposes that particles
are sufficiently separated from each other to neglect phase relations and
interferences between the scattered waves.”” Furthermore, we used a
model for an isolated plasmonic sphere,1 considering the additive
properties of the cross-sections, valid for incoherent scattering
occurring once neglecting correlations between particles, i.e,, at large
interparticle separations. The above considerations lead to a quantity of
plasmonic particles, certainly below 50%. However, a too-small
percentage of plasmonic particles leads to a too-low KM function
because of the dominating sy factor, causing a small signal-to-noise
ratio in experiments. Therefore, a threshold must be found. At this
stage, we need more experimental considerations to further answer this
question and confront the derived analytical model with verification.

3.1.2. Experimental Verification for Plasmonic ITO. To
experimentally validate the proposed analytical KM model for
plasmonic particles, ITO particles are fabricated through colloidal
synthesis.* Well-dispersed and defined nanospheres are obtained, with
a narrow diameter distribution averaging 5.5 + 1.0 nm, based on
transmission electron microscopy (TEM) images recorded using a
TECNAI G? 20 operated at 200 kV and shown on Figure 3a. Particles in
the form of powder are then obtained by heating the suspension to
100 °C until a dry solid is left. The sample is manually crushed in a
mortar and diluted with LiF powder (at various wt %) until a
homogeneous mix is obtained, which is then transferred into a suitable
holder for further optical characterization using UV—VIS—NIR
spectrometry. Any extra powder is removed so that the surface of the
sample is leveled with the holder.

Diffuse reflective measurements by UV—VIS—NIR spectrometry are
performed on a Shimadzu 3600 Plus instrument using an integrating
sphere (ISR-1503). Data are then postprocessed using eq 2 to obtain
the experimental KM function. We performed five measurements; their
mean value as well as the 99.75% confidence level is shown on
Figure 3b. The curve for myrq = 100% corresponds to undiluted ITO
but does not fit the abovementioned KM hypotheses, so it should be
considered carefully.

https://doi.org/10.1021/acsaom.4c00432
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Figure 3. (a) TEM image of ITO particles. (b) KM function of ITO
particles using LiF as diluting agent.

Upon dilution in LiF, the three main characteristics of the KM
function presented in the proposed model are recovered, namely, (1)
the red-shift of the peak, (2) the diminution of the intensity, and (3) the
broadening of the peak of the KM function for a progressively lowered
mass of plasmonic particles. Peak and fwhm values are reported in SM3
(Table S1). The peak shifts from 1495 nm (m;rq = 90%) to 2040 nm
(mizo = 10%).

It could be wrongly deduced, by a simple glance at Figure 3, that the
noise attenuates with a lower quantity of ITO. This is not true as it
results from the attenuation of the KM signal (2). A normalized version
of Figure 3 is presented in SM4 (Figure S6). The noise above 1700 nm
is due to the PbS NIR detector, which is sensitive to any hot objects in
the environment. Moreover, the diffuse reflectivity of the mixed powder
is very small in that wavelength range for mo > 20% (see
SM4 Figure S7), decreasing the signal-to-noise ratio.

In the following sections, we will consider m = 10% as a relevant
threshold to verify the KM hypotheses and have a sufficient signal to
detect: the diffuse reflectance curve for m = 10% is well-separated from
the others, higher than the noise, and with an intensity not close to zero.

It should be noted that if aggregation of ITO particles cannot be
excluded in the experiments, the analytical model considering isolated

spherical particles seems to properly agree with the experimental
results.

All in all, the results presented above experimentally validate the
proposed analytical model and provide guidelines to properly apply the
KM model to other plasmonic particles.

Interestingly, recent studies have highlighted the occurrence of a largely
increased plasmonic absorption in other formulations of doped metal
oxides, notably in oxygen-deficient molybdenum—tungsten mixed
oxides, being praised in photocatalytic applications. Specifically, Yin et
al. showed that the KM function of these Mo;_,W,0; s—“MoWOx"—
hybrids presented KM intensities being 20 and 16 times larger than the
KM of parent formulations MoO;_, and WO,_,, respectively.”* They
claimed that the enhanced absorption is an LSPR signal arising from
vacancies in the crystal structure. They mainly studied the molar ratio of
Mo:W = 1:1, but the 2:1 and 1:2 ratios presented red-shifted KM peaks
as well as decreased peak intensities of about 20 and 50% vs 1:1,
respectively.”*

These “MoWOx” formulations further present noticeable interest as
advanced electrochromic compounds (ongoing studies*), as they
show enhanced electrochromic efficiency and dual-band selectivity
toward both VIS and NIR wavelength ranges, highlighting the
processed formulations as promising candidates for the development
of “new generation” dual—band smart windows.

Therefore, we propose here applying the KM formalism on these
compounds to check the presence of plasmonic character.

We prepared MoWOx hybrids as well as parent oxides MoO;_, and
WO;_,, adapting synthesis protocols from the literature.** Briefly, the
materials are obtained through a single-step solvothermal synthesis:
9 mmol of metallic powder precursors are dissolved in 11.5 mL of H,0,,
then mixed with 69 mL of isopropanol and transferred into a 125 mL
Teflon body, and placed into a stainless-steel autoclave to be thermally
treated for 1h at 160 °C. For the MoWOx, 6 mmol of Mo and 3 mmol of
W precursor are used (Mo/W: 2/1), while WO;_, and MoO,_, parent
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Figure 4. TEM images of (A) MoWOx, (B) MoO,_,, and (C) WO, _, particles. (D) KM function of undiluted MoWOx particles and parent oxides
MoO;_, and WO;_,. Inset: zoom on the KM function for parent oxides. (E) KM function for MoWOx particles and parent oxides MoO,_, and WO;_,

with 10% of mass percentage for the particles of interest.
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oxides are produced from 9 mmol of W and 9 mmol of Mo metallic
powder, respectively. The obtained MoWOx particles present a peculiar
“archin-like” morphology (see TEM image in Figure 4a), consisting of a
solid core, with its surface covered by nanorods. These particles show
average dimensions of 1.5 & 0.5 ym. Parent oxides MoO;_,and WO, _,,
exhibit different morphologies, with MoO;_, (Figure 4b) presenting a
feather-like morphology (elongated platelets of dimensions 1.9 X 0.1 X
0.05 + 0.5 X 0.03 X 0.01 um), while its W counterpart is found as
aggregated nanospheres with an average diameter of 6.4 + 1.6 nm
(Figure 4c). It is interesting to note here that although the shape, size,
and composition of the particles may be different, general conclusions
and trends arising from the analytical model derived in Section 2 are still
valid because those parameters are contained in eq 6, thus impacting the
KM function.

First, let us compare, as Yin et al. did,** the undiluted KM function of
MoWOx hybrids and parent oxides MoO;_, and WO;_, (Figure 4d and
Table 1). The peak intensities are 160 a.u. at 760 nm, S a.u. at 929 nm,

Table 1. Comparison of KM Peak Intensities and Peak
Wavelengths of MoWOx, MoO;_,, and WO;_, Particles
Studied in This Work, Compared to Measurement from Yin

et al.>*?

studied

particle dilution peakintensity [a.u.] peak wavelength [nm]

MoWOx undiluted 160 760
this study
undiluted 130 655
Yin et al.>*
diluted 10% 3.6 950
this study

MoO;_, undiluted N 929
this study
undiluted 8 920
Yin et al.**
diluted 10% 1.8 927
this study

WO,_, undiluted 10 1485
this study
undiluted >10 >1400
Yin et al.**
diluted 10% 0.6 1450
this study

“We also added diluted measurements with n,,, = 10%.

and 10 a.u. at 1485 nm. As comparison, Yin et al. reported KM peak
intensities around 130 a.u. at 655 nm for MoWOx 2:1, 8 a.u. at 920 nm
for MoO;_,, and above 10 au. at above 1400 nm (out of the
measurement range) for WO,_,. Our results are thus in good agreement
with the literature.

However, as explained above, a better comparison would be for a
dilution with a mass of the studied species respecting the previously
defined threshold, here of 10% compared to the LiF diluting agent, as
reproduced in Figure 4e. MoO;_, peaks at 927 nm, while WO;_, peaks
at 1450 nm. The KM function of MoWOx peaks at 950 nm with a
doubled intensity compared to MoO;_,, and a six times increase
compared to WO;_,. The enhancement of absorption is clearly less
spectacular than with undiluted samples but does correspond to the
fulfilled KM hypotheses. The broadband character of MoWOx is clearly
evidenced, with enhanced contributions in both VIS and NIR ranges
compared to the parent oxides. No significant peak shifts are identified
for parent oxides compared to undiluted species, while MoWOx
appears red-shifted. This suggests a plasmonic behavior in the NIR for
MoWOx, while low- or nonplasmonic character for parent oxides.

To verify this plasmonic property of MoWOx metal oxides, let us
check if the KM spectra verify the three major criteria of the analytical
model, as presented in Section 3. While the diminution of the KM signal
upon dilution, i.e., criteria (2), is apparent in Figure Sa, the red-shift of
the peak as well as its broadening are not obvious here. A normalized
KM function is presented in Figure Sb to better assess these
characteristics. The broadening (480 nm of fwhm) and the red-shift
(+155 nm of LSPR maximum) are now clearly visible, as reported in the
data in SMS (Table S2). We may further infer from these data that the
dual-band electrochromic property arises from a combined effect of
polaronic and plasmonic mechanisms.*> To further illustrate that
hypothesis, we realized a fit of the experimental data for both mygwo, =
100% (undiluted) and o, = 10% with a deconvolution of two
Gaussian curves (Figure Sc). The first Gaussian fits peak at 735 nm for
undiluted and 745 nm for my o, = 10%, while the second ones peak at
1055 nm (undiluted) and 1350 nm (10%). This is consistent with an
interpretation of a polaritonic behavior resulting in nonshifted peak
contributions (first Gaussian at a lower wavelength) and a plasmonic
behavior resulting in red-shifted peak contributions (second Gaussian
at a higher wavelength).

To further discuss the occurrence of plasmonic behavior in metal
oxide particles by using the presented KM formalism, one can study the
modification of the KM spectra with a different diluting agent. As
expressed by our analytical formulation (eq 6) and shown in SM1, an
increased electric permittivity background would cause a red shift of the
KM spectra. To illustrate this, we use BaSO,, whose permittivity is e,s,,
=265 > e = 1.924.%7 Here again, we check this affirmation with state-
of-the-art ITO particles first (Figure 6a), and indeed, the KM function
for BaSO, appears red-shifted compared to the LiF diluting agent, itself
being red-shifted compared to undiluted KM spectra. Similar trends
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Figure 6. KM function for undiluted and different diluting agents (LiF and BaSO,) for (a) ITO and (b) MoWOx particles. (c) Comparison of KM
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function for (Mo,W)O; being undiluted and using different diluting agents (LiF and BaSO,).

occur for MoWOx, further confirming its plasmonic behavior
(Figure 6b).

As the optical properties of MoWOx particles are supposed to result
from oxygen vacancies,”” one might finally anneal the powder to
suppress those vacancies. As seen on Figure 6¢, “stoichiometric
MoWO,”, i.e, Mo,_,W,0; or “(Mo,W)05”, resulting from substoichio-
metric MoWOx compounds being thermally annealed at 500 °C for
12h under air (to suppress the oxygen vacancies), has a severe drop in
KM intensity This much less intense KM intensity of “stoichiometric
MoWO,” shows no significant trends with the dilution in LiF and
BaSO4 (Figure 6d). Fully oxidized “stoichiometric MoWOx” can then

be considered nonplasmonic.

In conclusion, we thoroughly investigated the application of a
state-of-the-art model, the Kubelka—Munk formalism, to a
specific problem of topical context, the optical characterization
of plasmonic particles used for electrochromic applications. We
highlighted the importance of using the dilution method to
respect the original Kubelka—Munk hypotheses. An analytical
model of the KM ratio for plasmonic particles is provided within
the limit of small particles (quasi-static approximation). This
model allows one to identify specific characteristics of the
evolution of the KM function upon dilution, such as a red shift
and a broadening of the peak of the KM function as well as a
diminution of the global absorption intensity of the KM
function. Moreover, the KM function is also shown to red-shift
when the diluting agent is changed to a higher dielectric
environment. All of these characteristics have been verified both
numerically and experimentally on plasmonic ITO particles to
assess the validity of the proposed analytical model. Moreover, it
was applied to emergent doped metal oxides, such as MoWOx
hybrids. These MoWOx hybrids were compared to parent
MoO;_, and WO;_, formulations, leading to ameliorated
practice and understanding of approaches to optical character-
ization of (non)plasmonic particles. Those findings are notably
useful in the context of electrochromic materials and could be
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applied to other electrochromic metal oxide formulations, such
as NiQ, or other shapes and structures. The present results are
also general enough to be applied to other plasmonic particles,
beyond the present context of electrochromism.

The Supporting Information is available free of charge at
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