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Doping of semiconductor nanocrystals is a well-established
process to impart new or enhanced functionalities to the host
material. In this work we present the synthesis of colloidal WO
nanocrystals doped with interstitial methylammonium cations. The
organic cations are located within the voids of the WOz cage and
increase the charge carrier concentration. As a result, the nano-
crystals exhibit intense surface plasmon resonances in the near
infrared, comparable to those obtained for WOz “bronzes” doped
with alkali metals. We confirm the successful incorporation of
these novel organic dopants through a combined experimental
and theoretical study. Furthermore, we demonstrate the ability to
dope the nanocrystals with even larger cations including formami-
dinium, providing a pathway to obtaining WO; doped with
bespoke organic cations that offer additional functionalities for
use in optics, electronics and catalysis.

Degenerately doped semiconductors that exhibit a localized
surface plasmon resonance (LSPR) have garnered significant
attention for various applications, including electrochromic
coatings, photothermal therapy, heat harvesters and (photo)
catalysis." Unlike noble metal nanocrystals (NCs), which typi-
cally exhibit bulk-like plasmonic resonances in the visible
region of the electromagnetic spectrum,”” doped semi-
conductors can display plasmonic absorptions in the near
infrared (NIR) thanks to their lower free carrier concen-
trations." As such, doped semiconductor NCs may play a
crucial role in light harvesting applications such as photovol-
taics and photocatalysis.* Moreover, while the plasmonic pro-
perties of noble metal NCs are primarily influenced by vari-
ations of the particle size and shape®® and by alloying with
other metals,” control of the plasmon absorption in doped
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semiconductors is mainly achieved by fine-tuning the dopant
concentration, in addition to manipulating the size and shape
of the NCs.* ™!

Amongst the various degenerately doped metal oxides,
oxygen-deficient tungsten oxide (WOs;_,) and interstitially
doped tungsten bronzes (A,WOj;) have received considerable
attention due to their interesting optical and electronic pro-
perties. While stoichiometric tungsten trioxide (WO;) is an
intrinsic semiconductor and lacks plasmonic properties, off-
stoichiometric compositions with oxygen deficiencies can
introduce a high density of free electrons, usually compen-
sated by a reduction in the oxidation state of tungsten, thereby
triggering LSPR absorption.">"® Tungsten bronzes achieve
their plasmonic behavior through interstitial doping of suit-
ably sized monovalent cations, which occupy “voids” formed
within the crystal lattice by the arrangement of the WOq octa-
hedra. Doping of the hexagonal void is the most frequently
observed, with cesium'*™'® and rubidium'”'® being the most
commonly studied dopants. The use of alternative inorganic
cations has also been explored,'>"'*872? although again mostly
focusing on alkali metals. Notably, some reports have demon-
strated the successful incorporation of ammonium (NH,") ions
into the WO; crystal lattice,'>*"*? giving rise to similar effects
on the optical properties to those observed with conventional
inorganic dopants. Very little research has been conducted so
far on the incorporation of other organic cations as dopants
within tungsten oxide systems, and only limited to bulk
crystals.>?

Herein, we demonstrate the doping of tungsten oxide NCs
with large organic cations, specifically methylammonium
(MA). By combining optical UV-Vis-NIR spectroscopy, X-ray
diffraction (XRD) and transmission electron microscopy
(TEM), we show the effect of MA™ doping on the optical, mor-
phological and structural properties of the NCs. Moreover,
X-ray photoelectron spectroscopy (XPS) is utilized to confirm
MA" insertion within the system. Finally, computational simu-
lations are carried out to illustrate the similarities in the NCs
electronic properties between MA and alkali metal doping,
reinforcing the potential of organic cations as dopants in

This journal is © The Royal Society of Chemistry 2025
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these systems. As further proof of concept, we demonstrate the
doping of WO; with even larger formamidinium (FA) cations,
underscoring the versatility and robustness of the synthesis
protocol.

The WOj;-based NCs were synthesized adapting literature
methods with some modifications (see ESIf for details)."® In
brief, a solution of ammonium metatungstate in oleylamine con-
taining varying amounts of methylammonium iodide (MAI) was
degassed at 80 °C for 30 min in a round bottom flask connected
to a Schlenk line. The solution was then heated to 250 °C under
nitrogen and held at this temperature for 2 hours. Upon com-
pletion, the reaction was allowed to cool naturally, and the NCs
were isolated via conventional precipitation and resuspension
protocols. This synthesis method produces NCs of both undoped
and MA-doped WO;_,, as shown in Fig. 1.

Fig. 1a compares the XRD patterns of undoped (orange)
and MA-doped (blue) WO; NCs, which both show features of a
distorted cubic/monoclinic WO, ;, crystal (see Fig. 1b for the
ball-and-stick model, and also Fig. S1}). This result is
expected, since the colloidal synthesis carried out in a mildly
reducing solvent (oleylamine) is likely to produce oxygen-
deficient NCs.>* The diffraction peaks are quite broad, except
the main peak centered at ~23.5° (corresponding to the (010)
diffraction), suggesting strong anisotropy of the crystallites.
Interestingly, no drastic changes occur to the crystal structure
of the material with increased dopant loading, and this cubic/
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Fig.1 (a) XRD patterns for undoped (orange) and MA-doped (blue)
WOs_, NCs. The reference peak positions for cubic WO (black lines,
ICDD: 41-0905) and monoclinic WO, 7, (red lines, ICDD: 71-2450) tung-
sten oxide are shown at the bottom. (b) Schematic representation of the
WO, 7, crystal showing one MA* dopant (red = oxygen, grey = tungsten,
brown = carbon, light blue = nitrogen). (c—j) TEM characterization of
undoped (c—f) and MA-doped (g—j) NCs. The FFT images of both low-
and high-resolution TEM images are presented on the right of the
respective image.
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monoclinic phase is retained across all the doping levels
tested (0-0.825 mmol MAI, Fig. S21). This suggests that the
MA" ion incorporation has negligible effects in terms of stress
or strain on the surrounding WO; cage. A similar behavior is
observed for WO; NCs doped with other alkali metals such as
rubidium (Fig. S31). This is, however, in contrast with cesium
doping, which causes a change to either a cubic (Cs,0)0.44WO3
or hexagonal phase (Fig. S41). This is quite typical for Cs-
doped WO; NCs, and the observed phase has been shown to
be also dependent on the counterion of the cesium salt
used.>'"'* Fig. 1c-j shows the TEM images of the NCs, with
additional images also shown in Fig. S5 in the ESL} As
observed, undoped particles are highly crystalline and rod-
shaped in nature, in agreement with the XRD results. From
these observations, we can also deduce that these nanorods
grow along the (010) direction. Size analysis of these particles
results in average length and width values of 7.8 + 1.8 nm and
1.5 + 0.4 nm respectively, giving an aspect ratio (length/width)
of ~5.1. The addition of MA" as a dopant does not seem to
affect the NC shape, which remains rod-like. However, a
change in particle size is observed in presence of MA doping,
with the average length of the NC increasing to 11.5 + 3.0 nm,
while the thickness remains unchanged at 1.6 + 0.4 nm. This
results in an aspect ratio of ~7.3. Samples synthesized with
different doping levels show a similar increase in aspect ratio,
with the respective TEM images available in the ESI as
Fig. S6.t

After discussing the structural and morphological pro-
perties of the NCs, we now move to elucidate their electronic
structure and the bonding environment using XPS. Fig. 2a and
b shows the W 4f regions for undoped WO;_, and MA-doped
WO;_, NCs, while the O 1s region and the full survey are avail-
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Fig. 2 (a and b) XPS spectra of the W 4f region of undoped (a) and MA*
doped (b) WOs_, NCs. (c and d) XPS spectra in the N 1s region for doped
NCs before (c) and after (d) treatment with trifluoroacetic acid.
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able in the ESI (Fig. S7 and S8t). Undoped WO;_, NCs show a
typical W 4f spectrum with two main peaks assigned to W 4f
7/2 and 5/2 components, located at 35.8 eV and 38.0 eV,
respectively, with a spin orbit splitting of 2.2 eV (Fig. 2a).
These components could be fitted with a single peak each,
highlighting the presence of tungsten in the +6 oxidation
state. However, careful peak fitting shows an additional
doublet located at 34.4 eV and 36.7 eV, although very weak.
This additional doublet has been ascribed to the W 4f 7/2 and
5/2 component of W>* as a consequence of the off-stoichio-
metric nature of the undoped oxide. Here, a charge compen-
sation mechanism takes place to counterbalance the presence
of oxygen vacancies. An additional weak peak, located at ~42
eV, has been attributed to a loss feature.'®?" Similarly to
undoped samples, MA-doped WO;_, also shows the presence
of tungsten in the +6 state, with W 4f 7/2 and 5/2 values of
35.8 eV and 38.0 eV respectively, as well as the loss feature
peak at ~42 eV (Fig. 2b). Interestingly, the doublet ascribed to
W>" is more intense in the doped samples. This confirms the
successful doping with MA and the correspondingly larger
charge compensation mechanism following the addition of
interstitial dopants within W0;.'*'%?"?> This compositional
effect is quantified in Fig. S9,7 which shows the relationship
between the amount of the MAI used in the synthesis, and the
amount of W(v) detected from XPS (see also Table S17). It can
be clearly seen that the doped NCs show a higher fraction of
reduced tungsten, consistent with the increased doping level.
We note that the presence of ammonium dopants cannot be
excluded due to the nature of the tungsten precursor, and as
such the effective final doping is due to a combination of both
MA" and ammonium cations."”>*' The O 1s region of both
undoped and doped NCs shows a single peak centered at ~531
eV and slightly asymmetric at higher binding energies, as rou-
tinely observed in metal oxides (Fig. S8t). Careful fitting of
this peak shows the presence of multiple contributions, the
most intense at lower binding energies being ascribed to W-O
bonds, and others at higher binding energies arising from
hydroxyls, and oxygen-containing organic contaminants.

To provide further evidence of the dopant incorporation, we
focused on the N 1s region, that shows an asymmetric peak
with two components, one at higher binding energy assigned
to the R-NH;" group of methylammonium, and one at lower
binding energy assigned to the R-NH, of oleylamine, which is
the surface ligand of the NCs. To confirm this assignment, we
used trifluoroacetic acid (TFA) to strip the ligands from the NC
surface, since TFA can protonate amines, facilitating their
release.>®?” As shown in Fig. 2c and d, the sample before and
after TFA exposure shows the two components, centered at
402.0 eV and 400.1 eV. These values closely match literature
reports of the N 1s of R-NH;" groups and R-NH, groups,
including methylammonium lead halide perovskites,*®*° NH,*
doped WO; nanocrystals'**' and amine capped particles.’®**
It is clear that the addition of TFA causes a decrease in the
relative intensity of the low binding energy component (values
reported in Table S2t), suggesting that surface amine ligands
are removed, while intercalated MA cations are preserved. The
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core-level shift (CLS) prediction for the N 1s signal obtained
from first principles density-functional theory (DFT) simu-
lations show that methylammonium molecules within the
WO; cage give rise to a contribution at 2.16 eV with respect to
the reference position of the N 1s peak of the respective amine
(CH3NH,).*>*? This shift is consistent with our experimental
observations and constitutes a further proof that methyl-
ammonium ions have been successfully incorporated within
tungsten oxide NCs.

First principles DFT simulations were also carried out to
investigate the effect of MA insertion on the electronic pro-
perties of tungsten oxide bulk material (see details in the
ESIT). From the simulated density of states (DOS), we find that
the effect of MA insertion into WO; is very similar to that of
Cs, one of the most common dopants for tungsten bronzes
(see Fig. S10%). This confirms the ability of organic cations to
impart metallic behavior to tungsten oxide. Fig. 3a shows the
DOS of stoichiometric hexagonal WO; (h-WO3;, grey shaded
curve) as compared to that of undoped (orange line) and MA-
doped (blue line) monoclinic WO, ;, (also known as W,;30,s),
one of the possible structures for the oxygen-deficient WO;_,.
In this instance, the metallic nature of W;30,9 makes the
doping effect less prominent, but still visible and very similar
to what obtained for MA-doped h-WO; reported in the ESL.f
Notably, the orientation of the MA cation within the WO,
crystal has a negligible effect on the resulting electronic pro-
perties (Fig. S101). Valence band XPS (Fig. 3b) confirms the
electron degenerate nature of the synthesized NCs, showing
the onset of the valence band for both doped and undoped
NCs at ~3 eV. This indicates a Fermi level located 3 eV above
the valence band edge. Considering a reported band gap for
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Fig. 3 (a) Density of states (DOS, Er = 0) for stoichiometric WO5 (grey),
oxygen deficient WO, 7, (orange), and MA-doped WO, (blue). (b)
Valence band XPS spectra of undoped and MA-doped NCs. (c) Optical
absorption spectra for undoped and MA-doped NCs. (d) Optical absorp-
tion spectra for Rb- and FA-doped NCs. The spectra have been normal-
ized in intensity at the LSPR maximum.
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WO3; in the 2.7-3.0 eV range, these results confirm the metallic
behavior of the NCs. Importantly, a peak located near the
Fermi edge could be identified in both doped and undoped
NCs, which has been attributed to the photoemission of elec-
trons residing in the conduction band.***® The addition of
MA" dopants imparts a noticeable increase in the intensity of
this peak, indicating an increase in the concentration of
charge carriers. This again points towards the successful incor-
poration of the MA" ion within the WO crystal.

One of the main effects of doping can be seen in the optical
properties of the NCs, due to their LSPRs in the near infrared.
As seen in Fig. 3¢, undoped NCs show two distinct absorption
features in the IR region, a shoulder centered at ~900 nm, and
a broad peak detected at ~2300 nm. The fact that nominally
undoped NCs show a LSPR as well is not surprising due to
their sub-stoichiometric nature mentioned earlier.>* Since
TEM confirmed that the NCs are rod-shaped, it is believed that
the LSPR feature at shorter wavelengths corresponds to the
transverse plasmon mode, while the peak at longer wave-
lengths corresponds to the longitudinal mode. Doped NCs
also display two absorption features in the NIR region. The
first absorption feature is again a shoulder centered at
~900 nm, with negligible shift with respect to the undoped
NCs. The second absorption feature however undergoes a
marked blue shift with the addition of MA". This shift is pro-
gressively larger as more dopant is added to the NCs, with the
absorption feature for the most doped samples shifting to
<1800 nm, again pointing to an increase in free charge car-
riers. This blue shift was observed regardless of the increase in
aspect ratio recorded for MA-doped samples, which would
cause a red-shift of the LSPR peak for a fixed free electron
density. This further indicates the presence of additional free
charge carriers and, hence, the successful incorporation of
MA" ions as interstitial dopants. Notably, while the spectra in
Fig. 3 have been normalized at the plasmon peak, the raw
spectra obtained from equally concentrated solutions show
also an increase in intensity of the LSPR with doping, consist-
ent again with the increase carrier density (Fig. S117). The
carrier concentration for undoped and doped NCs can be esti-
mated based on the LSPR frequency and the nanoparticle
aspect ratio (see ESIf for details).>”*® The estimated electron
density in doped NCs is more than double that of the undoped
WO;_, (6.6 x 10> em™ compared to 2.6 x 10*° ecm™>), again
corroborating the successful doping.

The most effective dopant incorporation occurs when
adding 0.165 mmol MAL If the amount of the dopant precur-
sor is further increased, there is no clear benefit in terms of
blue shift of the LSPR peak (Fig. S127), suggesting a solubility
limit of MA, and a potential detrimental effect (e.g. crystal dis-
tortions, phase segregation) if more dopant is added. For com-
parison, rubidium doped WO; nanocrystals were synthesized
using RbI as a dopant source. Absorbance measurements
show that WO;_, NCs doped with MA® share very similar
optical properties as Rb" doped WO,_, (Fig. 3d). The ability to
dope inorganic semiconductors with organic cations can
provide new possibilities featuring novel dopants with tailored

This journal is © The Royal Society of Chemistry 2025
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functionalities. To this extent, as a proof of concept we have
conducted the synthesis of formamidinium (FA)-doped WO;_,
NCs, demonstrating the formation of crystalline tungsten
oxide particles with enhanced plasmonic properties compared
to undoped WO;_,, and consistent with results obtained for
MA- and Rb-doped WO;_, (Fig. 3d and Fig. S131). From one
hand this confirms the robustness of the implemented syn-
thesis approach; on the other hand, it points out the versatility
of tungsten oxide to incorporate complex dopants, which is
key to engineer and tailor new conductive (super)structures.

In conclusions, we have demonstrated the synthesis of a
novel class of NCs based on WO; doped with interstitial
organic cations using methylammonium as a case study.
These dopants provide similar properties compared to conven-
tional alkali metal dopants used in tungsten bronze NCs,
while also offering further opportunities in view of the versati-
lity of organic dopants. Therefore, this work opens a new
avenue of research for doped tungsten oxide, with organic
cations being able to provide additional functionalities that
can be tailored by appropriately selecting the nature of the
molecule chosen as dopant. This new class of dopants could
be exploited beyond plasmonics, for example for simul-
taneously tailoring NC growth during synthesis and providing
tunable LSPR to the NCs, or through the provision of
additional functional groups (carboxylates, hydroxyls, thiols)
and related reactive sites that could drive specific catalytic
reactions.
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