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Rhenium (+6) oxide (ReO3) is metallic in nature, which means it can sustain localized surface plasmon
resonance (LSPR) in its nanocrytalline form. Herein, we describe the colloidal synthesis of nanocrystals (NCs)
of this compound, through a hot-injection route entail- ing the reduction of rhenium (+7) oxide with a long chain
ether. This synthetic protocol is fundamentally different from the more widely em- ployed nucleophilic lysing of
metal alkylcarboxylates for other metal oxide NCs. Owing to this difference, the NC surfaces are populated by
ether molecules through an L-type coordination along with covalently bound (X-type) hydroxyl moieties, which
enables easy switching from nonpolar to polar solvents without resorting to cumbersome ligand exchange
procedures. These as-synthesized NCs exhibit absorption bands at around 590 nm (2.1 eV) and 410 nm (=3
eV), which were respectively ascribed to their LSPR and interband absorptions by Mie theory simulations and
Drude modeling. The LSPR response arises from the oscillation of free electron density created by the extra
Re d-electron per ReO3 unit in the NC lattice, which resides in the conduction band. Further, the LSPR
contribution facilitates the observation of dynamic optical modulation of the NC films as they undergo
progressive electrochemical charging via ion (de)insertion. lon (de)insertion leads to distinct dynamic optical
signatures, and these changes are reversible in a wide potential range depending on the choice of the ion
(lithium or tetrabu- tylammonium). Nanostructuring in ReO3 and the description of the associated plasmonic
properties of these NCs made this optical modulation feasible, which were hitherto not reported for the bulk
material. We envisage that the synthetic protocol described here will facilitate further exploration of such

applications and fundamental studies of these plasmonic NCs
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Colloidal ReO; Nanocrystals: Extra Re d-electron instigating a plasmonic re-
sponse

Sandeep Ghosh', Hsin-Che Lu', Shin Hum Cho', Thejaswi Maruvada’, Murphie C. Price’, and Delia J. Milliron"”

f McKetta Department of Chemical Engineering, The University of Texas at Austin, Austin, Texas 78712-1589, United States

ABSTRACT: Rhenium (+6) oxide (ReOs) is metallic in nature, which means it can sustain localized surface plasmon resonance (LSPR) in its
nanocrytalline form. Herein, we describe the colloidal synthesis of nanocrystals (NCs) of this compound, through a hot-injection route entail-
ing the reduction of rhenium (+7) oxide with a long chain ether. This synthetic protocol is fundamentally different from the more widely em-
ployed nucleophilic lysing of metal alkylcarboxylates for other metal oxide NCs. Owing to this difference, the NC surfaces are populated by
ether molecules through an L-type coordination along with covalently bound (X-type) hydroxyl moieties, which enables easy switching from
nonpolar to polar solvents without resorting to cumbersome ligand exchange procedures. These as-synthesized NCs exhibit absorption bands
at around 590 nm (=2.1 eV) and 410 nm (=3 eV), which were respectively ascribed to their LSPR and interband absorptions by Mie theory
simulations and Drude modeling. The LSPR response arises from the oscillation of free electron density created by the extra Re d-electron per
ReO; unit in the NC lattice, which resides in the conduction band. Further, the LSPR contribution facilitates the observation of dynamic optical
modulation of the NC films as they undergo progressive electrochemical charging via ion (de)insertion. Ion (de)insertion leads to distinct
dynamic optical signatures, and these changes are reversible in a wide potential range depending on the choice of the ion (lithium or tetrabu-
tylammonium). Nanostructuring in ReOs and the description of the associated plasmonic properties of these NCs made this optical modulation
feasible, which were hitherto not reported for the bulk material. We envisage that the synthetic protocol described here will facilitate further

exploration of such applications and fundamental studies of these plasmonic NCs.

INTRODUCTION

Rhenium(VI) oxide (ReO:s) exhibits characteristics of a good
metallic conductor,'” unlike the wide band-gap semiconducting na-
ture that is generally exhibited by other stoichiometric metal oxides.
The bulk metallic nature of this lustrous red oxide was confirmed by
absolute reflectance measurements by Feinleib et al.' The dielectric
constant was found to exhibit free electron characteristics below the
sharp plasma edge of 2.1 eV and interband transitions dominate the
optical spectrum at higher energies. Metallic conductivity has been
demonstrated through resistivity and Hall effect measurements
where the negative sign of the Hall constant (measured as — 3.28
x10* cm®C™at 300 K) signified electrons as the predominant charge
carriers, * with an electron mean free path of 89 A at 300 K.* ReOs
exhibits conductivity of a typical metallic conductor, an order of
magnitude smaller than that of copper, but roughly the same as tita-
nium and chromium.

Incomplete d-shells of transition metals bestow interesting
properties in compounds they constitute and, in case of ReOs, where
Re® is a d' system (outer electron configuration of rhenium being
5d6s”) this confers a metallic character, as has been demonstrated
by Ferretti et al.> The metallic conductivity has been ascribed to the
strong hybridization between Re 5d and O 2p atomic orbitals, which
leads to significant broadening of the Sd conduction band.*” That
Re 5d states constitute the conduction band has been confirmed by
X-ray photoemission analysis,” and the Fermi level location in the 5d
manifold has been deduced by nuclear magnetic resonance (NMR)
spectroscopy.”®

Despite the metallic electronic behavior, the properties of the
ReO; lattice are not typical of that of metals, as suggested by the crys-
tal structure.” ReOs crystallizes in the simple cubic structure Pm3m,
which is not a close-packed metallic phase.’ In fact, the structure of
ReO:s is best described as the perovskite ABOs structure with the
larger cationic A-sites remaining vacant.

Being a metallic solid with a considerable free electron density,
ReO; should exhibit plasmonic characteristics (collective oscilla-
tions of these free electrons) and, at the nanoscale, localized surface
plasmon resonance (LSPR). However, the lack of a robust synthesis
protocol yielding discrete NCs with colloidal stability made a proper
description of the plasmonic response an elusive endeavor. Previous
synthetic efforts on ReOs; NCs include solvothermal and sol gel
strategies,'”"? and incorporating them in polymer matrices,"’ where
the LSPR response of nanostructured ReOs was treated rather phe-
nomenologically. Recent colloidal synthetic efforts include that by
Jeong et al,, who used thermolysis of a mixture of Re(+7) oxide and
oleic acid to form NCs where Re atoms were in mixed oxidation
states.'* This particular report goes on to show the inherent difficulty
in devising a colloidal route for plasmonic ReO3; NCs at a fixed +6
oxidation state. The availability of a large number of oxidation states
(+3 to +7) for Re and the lack of suitable precursors with Re in the
appropriate oxidation state and coordination number are the chief
reasons for the synthetic difficulty. This makes it particularly chal-
lenging to adapt the usual synthetic route for metal oxide NCs for
this case — that of nucleophilic lysing of metal alkylcarboxylate com-
plexes, which also explains the lack of relevant literature so far.

Here, we describe a colloidal hot injection synthesis approach
for producing ReO; NCs where a nonaqueous “soft” reduction of
rhenium (+7) oxide was employed. Ether molecules containing long
carbon chains or multiple ether functionalities were used as reducing
agents in addition to their roles as solvents in the injection solution
and as the eventual surface ligands. The as-prepared NCs exhibit a
mixed ligand shell with L-type coordination by the long carbon
chain ether molecules and covalently bound hydroxyl groups (X-
type), as confirmed by NMR and Fourier transform infrared (FTIR)
spectroscopy. The surface hydroxyl groups were produced during
the reduction of the Re-precursor. While the ether molecules im-
parted colloidal stability to the NCs, they are weak Lewis bases with



labile surface coordination and hence can be easily stripped off of the
NC surfaces by washing with polar solvents. In fact, this mixed ligand
shell leads to easy transfer of these NCs from a nonpolar solvent to a
polar medium simply through multiple purification cycles. Different
from other colloidal NCs," an arduous ligand exchange procedure
involving post-synthetic treatment with harsh chemical moieties can
be avoided in this case. This ease of solution processibility facilitates
the investigations of these NCs both in isolation (as in dispersion)
as well as in interacting ensembles (as in film fabrication from polar
solvents).

The optical extinction of the as-synthesized NCs exhibits an ab-
sorption band around 590 nm (=2.1 eV) ascribable to an LSPR re-
sponse analogous to other metallic NCs, in addition to an interband
absorption around 410 nm (=3 eV). The calculated absorption
spectrum by Mie solutions to Maxwell equations from bulk dielec-
tric constants of ReO; agree with our observations and a Drude
treatment of the LSPR band yields appropriate free electron densi-
ties in the NCs. The free electron (LSPR) and the bound electron
(interband) contributions to the extinction spectrum have thus
been demarcated. Furthermore, the LSPR peak energy was found to
be sensitive to the dielectric constant of the surrounding medium,
which can serve as a useful tool in molecular sensing. The LSPR re-
sponse broadens when the NCs are deposited as films and was mod-
ulated through EC ion (de)insertion. These optical modulations
with lithium (Li) and tetrabutylammonium (TBA) ions were re-
versible over a wide potential range and are facilitated by the
nanostructuring and thus from a clear understanding of the LSPR
mode in ReO3; NCs.

EXPERIMENTAL SECTION

Materials. Rhenium (+7) oxide (RexO7, 299.9%), tetraglyme
(TGY, =299%) dioctyl ether (DOE, 99%), lithium bis-trifluoro-
methanesulfonimidate (Li-TFSI), tetrabutylammonium perchlo-
rate (TBA-ClOs, 299.0%), 1-octadecene (ODE, technical grade,
90%), and anhydrous propylene carbonate (PC, 99.7%), dimethyl
carbonate (DMC, >99.0%), chloroform, hexane and isopropanol
were purchased from Sigma-Aldrich. All chemicals were used as re-
ceived.

Synthesis of ReO3; NCs. All syntheses were undertaken using
standard Schlenk line techniques with nitrogen filled glovebox as an
aid. In a typical synthesis, a mixture of DOE (S ml) and ODE (5 ml)
were loaded in a three-neck round bottom flask and degassed under
vacuum at 100 °C for 1 h. The flask was then backfilled with nitrogen
and the temperature was raised to the desired reaction temperature
(100 - 260 °C). A separate solution of Re;O7 powder (25 mg, 0.05
mmol) in TGY (400 ul), prepared in a glovebox, was then injected
into the reaction flask. The colorless transparent solution immedi-
ately changed into a blue-black solution, signifying the formation of
ReO; NCs. The heating mantle was then removed and the flask was
cooled with an air jet. The final dark blue solution was then washed
with a chloroform/isopropanol mixture. The washing procedure in-
volved precipitating the NCs out of the chloroform dispersion using
isopropanol as the anti-solvent, and discarding the supernatant after
centrifuging the suspension at 4500 rpm for 5 min. The NC pellet
was redispersed in chloroform and this washing procedure was re-
peated twice. The NCs were finally redispersed in chloroform.

Notes: (a) Re.0- is hygroscopic and reacts with water to form
perrhenic acid (HReO4)- it should be stored in an inert atmosphere
(like a nitrogen filled glovebox). (b) Re.O- is soluble in TGY, but
the initially colorless solution turns brown over time, and hence
should be freshly prepared before use.

X-ray Diffraction (XRD) analysis. Concentrated dispersions of

the NCs were drop cast onto silicon substrates for XRD measure-
ments. Data collection was performed on Rigaku MiniFlex 600 X-
ray diffractometer using Cu Ka radiation (1.5418 A). The Debye-
Scherrer method was used to calculate the sizes of the deposited
NCs, using the following equation:

KA
= B cosB

Here, A is the X-ray wavelength (0.15418 nm),  is the line
broadening, and O is the Bragg angle of the XRD peak. The line

broadening and the Bragg angle were obtained for the (210) peak by
fitting it with a pseudo-Voigt lineshape. The line broadening was
corrected for instrumental broadening by = (Wezxp - Wizns)l/z
where Wy, is the measured full width at half maximum (FWHM)
and Wy, is the FWHM measured from LaBs powder standard
(0.136°). The Scherrer constant K was set to 0.9 + 0.045 as per Lang-
ford and Wilson."*

Steady State UV-Vis—NIR Extinction Spectroscopy. Diluted
solutions of NCs in chloroform were loaded in quartz cuvettes of 1

)

cm path-length and their optical extinction spectra were recorded in
a Varian Cary 5000 UV-Vis—NIR absorption spectrophotometer in
the wavelength range of 300-2200 nm.

Transmission electron microscopy (TEM) analysis. Sample
preparation involved drop-casting dilute NC dispersions onto car-
bon-coated 400 mesh copper grids (Ted Pella). A JEOL 2010F mi-
croscope equipped with a CCD camera and a Schottky field emis-
sion gun operating at 200 kV was used to acquire the high-resolution
transmission electron microscopy (HRTEM) images and selected-
area electron diffraction (SAED) patterns. Analysis and signal pro-
cessing of the SAED patterns (including beam-stop removal, center-
ing and eventual azimuthal integration coupled with background
subtraction) was performed using the PASAD software."”

FTIR spectroscopy. NC dispersions were dropcast onto un-
doped silicon substrates and the spectra were recorded in transmis-
sion in a Bruker VERTEX 70 spectrometer, at 4 cm™ scan resolution.

NMR spectroscopy. Deuterated solvents, chloroform-d
(CDCls,99.96 atom % D) and N, N-dimethylformamide-d, (DMF-
d7,299.5 atom % D), were purchased from Sigma-Aldrich. NC sam-
ples were subjected to multiple washing cycles (= 10) to ensure
clean samples for spectroscopy. The NCs were then dried under a
strong nitrogen flow to remove the residual non-deuterated sol-
vents, followed by redispersing them in the desired deuterated sol-
vent. For each measurement, 40 mg of the NCs were dispersed in 1
ml of the deuterated solvent. Care was taken to avoid the presence
of moisture in the NMR samples. Special screw-capped NMR tubes
(Norell) were rinsed with chloroform and dried under vacuum in
the glovebox antechamber prior to loading the sample. Fresh am-
poules of deuterated solvents were used for every measurement and
the final stages of the sampling were performed in the glove box. The
spectra were acquired using Agilent/Varian MR-400 (operating at
'H frequency of 400 MHz) or VNMRS 600 (operating at 'H fre-
quency of 600 MHz) spectrometers, with sample temperature set at
300 K. Solvent signals were used as reference for analysis. Spectra
were recorded in 1D 'H and 2D 'H - “C correlation heteronuclear
single quantum coherence (HSQC) modes.

Elemental analysis. The concentrations of NC dispersions were
determined through inductively coupled plasma-optical emission
spectroscopy (ICP-OES) measurements on a Varian 720-ES ICP
Optical Emission Spectrometer. The samples were prepared by di-
gesting them in aqua regia for 24 h and then diluting by a known fac-
tor.
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Spectroelectrochemical (SEC) measurements. The multiply
washed hydroxyl-terminated NCs were drop cast onto ITO-coated
glass substrates for SEC measurements. The EC and in situ optical
measurements were performed with an EC workstation (Bio-logic
VMP3 potentiostat) and an ASD LabSpec 4 Std-Res VIS/NIR spec-
trometer in an argon filled glovebox. Our home-built setup employs
a three-electrode configuration for EC measurements and consists
of a wide quartz cuvette housing the electrolyte with the NC film (as
the working electrode), the counter, and the reference electrodes all
immersed into it. The spectra were recorded in the transmission
mode at various potentials, with the source and detector fiber optic
cables of the spectrometer positioned in a perpendicular orientation
to the NC film. The EC experiments performed include chronoam-
perometry (CA) and cyclic voltammetry (CV). For the Li-ion meas-
urements, a Li foil served both as the reference and the counter elec-
trodes and 1 M Li-TFSI in TGY as the electrolyte for the potential
range of 1-4 V. On the other hand, for TBA-ion based measure-
ments, a Pt foil was used as a counter electrode, a commercial fritted
Ag/Ag" cell as the reference electrode and 0.5 M TBA-ClO, in PC
as the electrolyte. The reference electrode was immersed ina 0.01 M
AgNO; and 0.5 M TBA-CIO, in PC solution and was calibrated to a
Li foil. The open-circuit potential (OCP) of the NC films were taken
as the potential recorded when the film was dipped into the electro-
lytes. The OCPs recorded were 2.6 V (vs Li/Li*) and -1.2 V (vs
Ag/Ag"). The spectra were recorded after current reached a steady
state at a given potential, typically less than 2 min. To ensure a steady
current, the films were held at a given potential for S min before
every measurement. CV was performed at 10 mV/s scan rate.

X-ray photoelectron spectroscopy (XPS). NCs were drop-cast
onto silicon substrates and a Kratos Axis Ultra DLD spectrometer
with a monochromatic Al Ka source (1486.6 eV) was used for the
measurements. An analyzer pass energy of 80 eV was employed for
wide scans while a pass energy of 20 eV was used for the high-reso-
lution narrow region scans, with steps of 0.1 eV. The pressure in the
analysis chamber was maintained at around 107 torr and the spectra
were acquired at a photoelectron take-off angle of 0° with respect to
the surface normal. Data was analyzed with CasaXPS software using
the Kratos relative sensitivity factor library. The binding energy
(BE) scale was internally referenced to the C 1s peak (BE for C-C =
284.8 eV).

Special care was exercised for the samples at different stages of
EC (dis)charging. Plastic tweezers were used to handle the NC films
and the excess electrolyte was washed off using DMC. These films
were then dried and loaded on a metallic XPS stage, where the glass
portion of the ITO substrate acted as the insulating layer between
the NC film and the stage. This ensured that the films remained at
the same level of original charge. The XPS stage with the samples
were then loaded into an air-free transfer capsule inside the argon
filled glove box. This capsule was then attached to the spectrometer
and the stage was transferred inside the XPS analysis chamber with-
out exposing the samples to the ambient atmosphere.

RESULTS AND DISCUSSION

Synthesis and characterization of the NCs. Scheme 1 below
shows the reaction that was employed in synthesizing the ReO;
NCs. In this synthesis, phase pure NCs were formed through a col-
loidal approach wherein the rhenium precursor, rhenium (+7) oxide
(Re20y), was dissolved in dry TGY in an inert atmosphere. Re.O-
being hygroscopic, it reacts easily with adventitious moisture to form
perrhenic acid,"*"” which is detrimental to the NC synthesis. Hence,
it is important that this precursor be stored and the solution be pre-

pared in an inert atmosphere like a nitrogen-filled glove box. There-
after, this Re;O7-T GY solution was injected into hot DOE, in admix-
ture with ODE, to produce the ReO; NCs. The temperature at
which the injection was performed varied between 100 and 260 °C.

0 o p
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+Purification
Rhenium (VII) oxide (Re,0.) >
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Dioctyl ether (with 1-octadecene) in chloroform

Scheme 1. Colloidal synthesis scheme for forming the blue color disper-
sion of ReO3 NCs in chloroform (cuvette photograph on the right).

Although a favored route for metal oxide NC synthesis is
through a nucleophilic “lysing” of the metal alkylcarboxylate com-
plex,” this strategy could not be employed in preparing ReO; NCs.
There are various reasons for this synthetic difficulty. The first one
among them being the large number of available oxidation states for
rhenium, which range from +3 to +7."* Controlling the oxidation
state of rhenium then becomes challenging in the presence of long
chain carboxylic acids, amines, or alcohols,'* the usual constituents
of a general colloidal NC synthesis scheme. Furthermore, the una-
vailability of suitable precursors for the desired oxidation state and
coordination number (+6, octahedral) makes it difficult to access
the corresponding Re(+6)-alkylcarboxylate, necessary for general
metal oxide NC synthesis. The Re(+6)-halides (like ReFs, ReCls),
which suit this purpose, are particularly reactive, and difficult to han-
dle, and are also not readily available from commercial suppliers.
They are extremely volatile and disintegrate upon heating at moder-
ate temperatures, producing halogen gases.”

On the other hand, oxidation of a lower oxidation state rhenium
precursor is hard to control as the reaction does not usually stop at
the preferred +6 state (for ReOs) and goes on to form the +7 state.”
Bulk synthesis techniques have instead used a “soft” reduction of the
+7 oxide (Re;O7) with carbon monoxide (CO) or ethers.””* We
chose ether-based reduction since the gaseous CO-reduction path-
way is difficult to adapt in a liquid phase colloidal synthetic pathway.
The nature of the reduction of Re(+7) is fundamentally different in
these non-aqueous conditions, compared to typical aqueous redox
conditions where reduction to ReO: is more thermodynamically fa-
vorable than stopping the redox at ReOs, **** and hence is suitable
for our means. We adapted the ether based reaction in our synthesis
scheme as that was demonstrated to be most successful for making
bulk ReOs. In addition, long chain alcohols, amines, and alkylcar-
boxylic acids - all commonly employed as surfactants or reagents in
colloidal NC synthesis — were found to be detrimental to ReO; NC
synthesis as they consistently formed a brown amorphous product
(Figure S3).

In our synthesis, the injection of Re;O7-TGY complex into a hot
DOE-ODE mixture yielded the best results and the reaction temper-
ature could be varied in a wide range owing to the high boiling points
of both TGY (275 °C) and DOE (286 °C). ODE, being a noncoor-
dinating solvent, enabled better control of the reaction kinetics. It
lowers the concentration of the reducing agent (DOE), which leads
to well-formed NCs and reduced aggregation in the as-synthesized
products. Although Re, O is reduced by ethers, a molecule with mul-
tiple ether functionalities like TGY did not affect it in the reaction
time frame. However, the Re;O7-TGY adduct should be freshly pre-
pared as the solution turns brownish over time and cannot be stored
(Figure SS). This suggests that TGY is sluggish in its reactivity to-
wards Re;O; and hence is an appropriate agent for delivering the

3



Re;07 into the reaction flask. The FTIR spectrum of a solution of
Re;07in TGY exhibits a peak at around 909 cm™ (Figure S1), which
can be attributed to the Re-O-Re stretching mode of the Re.O7 mol-
ecule.”® A mixture of Re;O7 in DOE however turns green immedi-
ately at room temperature and signifies the high reactivity of DOE
(Figure SS). This also signifies the suitability of DOE in our reaction
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as the reducing agent. Other ethers like dibenzyl ether, diphenyl
ether, dioctadecyl ether, and dihexadecyl ether were also tested in
this synthesis scheme. However, synthesis efforts with these mole-

cules with aromatic functionalities or longer alkyl carbon chain did
notyield the desired ReO; phase, and instead led to the brown amor-
phous product described above.

Figure 1. Structural and morphological characterization of the as-prepared ReO3 NCs. (a) XRD and azimuthally integrated SAED patterns, with refer-
ence to database powder XRD pattern (Pm3m, AMCSD #0016967). The unit cell of the ReO:; lattice is shown as well, with the Re atoms at the cube
corners. (b) (210) XRD peak, along with corresponding fitted black curves for Scherrer analysis, for ReO3s NCs obtained through low (160 °C, red
curve) and high (240 °C, green curve) temperature synthesis routes. TEM images (c,f) with size distribution histograms in the insets, and HRTEM
images (d, g) of the NCs synthesized at 160 °C (c,d) and 240 °C (f,g). Colloidal stability of the as-synthesized NC solutions demonstrated by photo-
graphs of NCs in chloroform for the two synthesis routes (panels e — 160 °C & h - 240 °C).

The as-synthesized ReO3; NCs were then characterized for phase
purity by XRD and azimuthally integrated SAED patterns (Figure
la). The diffraction patterns match with the pattern for cubic
(Pm3m) crystal structure of bulk ReOj as reported by Meisel.”” Fur-
ther evidence of phase purity is also offered by the NC Raman spec-
trum (Figure S2). Two different average sizes of the NCs were pre-
pared at two different temperatures, 160 and 240 °C. The (210)
peak for the two different sizes, along with their fitted pseudo-Voigt
curves, are shown in Figure 1b. Scherrer analysis of these XRD peaks
yield NC sizes of 7.6 nm (T = 160 °C) and 18.9 nm (T = 240 °C).
These NC sizes were typical of those obtained for syntheses per-
formed at two broad temperature ranges — temperatures below 200
°C yielded smaller NCs while larger NCs were produced when the
reaction temperature was raised above 200 °C. A representative
TEM image for the smaller NCs is shown in Figure 1c with the size
distribution histogram in the inset which yields an average size of 5.4
(+1.4) nm. On the other hand, Figure 1f shows a representative
TEM image with accompanying size distribution histogram for the
larger NCs with average size 17.3 (£1.9) nm. The sizes obtained
from the XRD and TEM analyses were found to have a reasonable
level of agreement — each being within the error margin of the other.
HRTEM images of the smaller and larger NCs are respectively
shown in Figures 1d and 1g, with the interplanar distances corre-
sponding to different lattice planes of the ReOs structure, signifying

their crystalline nature. Each NC is a single crystal and no grain
boundaries were observed within discrete NCs among those ob-
served. The colloidal stability of these NCs is represented by their
blue dispersions in chloroform (Figure le, h).

NC surface characteristics and solubility. The as-synthesized
NC products and the reaction mixture were probed using FTIR and
NMR analysis to gain further insight into the reaction and the NC
surface characteristics. The as-synthesized NCs were found to be
dispersible in chloroform. However, upon washing with an anti-sol-
vent, the NCs tend to aggregate which signifies less than ideal cover-
age and bonding lability by organic ligands leading to reduced steric
stabilization. Upon multiple purification steps, the organic moieties
present on the NC surfaces completely disappear and the NCs ex-
hibit better dispersibility in a polar solvent like DMF. A '"H NMR
spectrum of such a NC dispersion in deuterated DMF is included in
Figure 2a, which shows a rather broad peak centered at around 4.2
ppm. The 2D 'H - *C correlation HSQC spectrum reveals that this
signal is not associated with a corresponding carbon, although the
DMF cross peaks can be identified (Figure 2a). Based on these ob-
servations, we assign the 4.2 ppm broad signal to hydroxyl (-OH)
groups present on the NC surfaces. The broadening of the NMR sig-
nals indicate proximity to the NC surface, which causes magnetic in-
homogeneities and restricted mobility of the proton leading to faster
relaxation.”® This notion is further supported by the FTIR spectra
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shown in Figure 2b: the washed NCs (blue curve) are devoid of any
signals attributable to organic moieties, which were present in the
unwashed NCs (black curve). A weak and relatively broad shoulder
can be discerned around 3400 cm™ which can be attributed to the
surface hydroxyl groups. From these observations, we surmise that
DOE acts as an L-type ligand (owing to the lone pair of electrons on
the O-center), which imparts steric stabilization of the unwashed
NCs in nonpolar solvents. However, each purification cycle leads to
removal of these loosely bound molecules, leading to NC aggrega-
tion. In fact, this mixed ligand shell on the NC surface enables quick
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and easy switching from a nonpolar to a polar solvent. As shown in
the inset of Figure 2b, the as-synthesized NCs can easily transfer
from nonpolar hexane to polar DMF, by liberating the L-type DOE
molecules in the hexane layer and without having to undergo a cum-
bersome ligand exchange process. This phase transfer with concom-
itant ligand stripping enables easy film processing from NC disper-
sions in polar solvents with limited contamination from organic lig-
ands.
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Figure 2. Surface chemistry of the as-prepared ReO3 NCs. (a) 1D 'H and 2D HSQC spectra for as-prepared ReO3 NCs in DMF-d;. No C-H cross-
peaks were observed for the 4.2 ppm peak, which was ascribed to surface ~-OH groups. (b) FTIR spectra of as-prepared ReO3 NCs before (black) and
after S purification cycles (blue), showing washed NCs devoid of organic ligands. Inset shows the quick and easy transfer of the as-prepared NCs from
the nonpolar hexane layer to the polar DMF layer owing to the mixed ligand shell. (c) 1D 'H NMR spectrum, and (d) FTIR spectrum of the reaction
mixture (blue curves), in comparison to the corresponding spectra of the constituents (TGY, red curves; and DOE, yellow curves). The hydroxyl signals
were accompanied by alkene (in NMR, panel c) and enol (in FTIR, panel d) signals.

The presence of surface hydroxyl groups was further supported
by XPS measurements of the as-synthesized ReO; NCs. Air expo-
sure was meticulously avoided before the measurement — the as-syn-
thesized NCs were purified in a nitrogen-filled glove box, then trans-
ferred air-free to the XPS instrument. This procedure ruled out any
post-synthetic changes that might occur on the NC surfaces due to
air exposure. The Re 4f XPS (Figure S4a, blue curve), exhibits three
peaks as opposed to a doublet ascribable to Re 4f7/, and Re 4f;s, for
Re(+6). The reason for this deviation is the aforementioned large
number of oxidation states for Re, and their peak positions being
within the BE range of 5-6 eV.” As a result, a sample might exhibit a
triplet where the Re 4f;, peak of a high oxidation state can overlap
with the Re 4fs/, peak of a lower oxidation state, given the small spin-
orbit splitting of Re 4f (2.42 eV) thus heavily convoluting the spec-
trum. As comprehensively explained by Greiner et al.,”” this leads to
the triplet for ReO; samples when surface hydroxyls contribute to
the signal thereby leading to an ill-defined oxidation state for surface
Re atoms (a combination of +7 and +6 oxidation states). The Re 4f

spectrum for powder Re>O- (orange curve) is also included in Figure
S4a, which shows a well-defined doublet. The convoluted nature of
the Re 4f XPS is directly related to the difference in the O 1s signals
between ReO; NCs and Re>O; powder (Figure S4b).

The presence of NC surface hydroxyl groups begets the ques-
tions of their origin, which required further investigation, especially
since the presence of hydroxyl-generating moieties (moisture, for in-
stance) was rigorously avoided, and the reactants used were aprotic.
To this end, the synthesis mixture, immediately after cooling down
post-injection, was probed using NMR and FTIR spectroscopy. The
NMR spectrum of the synthesis mixture is shown in Figure 2¢ (blue
curves), in comparison to that of TGY (red curve) and DOE (yellow
curve). Additional peaks are discernible in the 3.8-5.0 ppm range
(highlighted and blown-up region of the blue curve in Figure 2c) for
the synthesis mixture, which are ascribable to alkene type protons
(i.e. C=C-H groups). To rule out interference from alkene signals of
ODE, this reaction was performed in its absence, i.e., only TGY and
DOE were used. Furthermore, the formation of hydroxyl groups is
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also indicated by the broad signal at about 10.4 ppm (Figure 2¢) for
the synthesis mixture. These results indicate that the surface hy-
droxyl groups are probably formed by hydrogen extraction from car-
bon chains present in the reaction mixture, given that only aprotic
reactants have been employed in this synthesis. Considering that ox-
ides of rhenium are used as catalysts in the dehydrogenation and

2930 this reaction mechanism is chemi-

reformation of hydrocarbons,
cally plausible. A sketch of the likely reaction intermediate is in-
cluded in Figure S6, which can be the precursor to surface hydroxyls.
These NMR observations were complemented by FTIR measure-
ments on the synthesis mixture, in comparison with that for TGY
and DOE (Figure 2d). A relatively sharp hydroxyl ~-OH stretching
mode, ascribable to molecular rather than NC surface hydroxyl sig-
nals, is discernible at about 3479 cm™; while the C-C-O stretching
mode due to an enol moiety is observed around 1253 cm™. The enol
moiety can form from the dehydrogenation of TGY, through the
proposed reaction intermediate schematically shown in Figure S6.
Since both TGY and DOE can serve as hydrogen donors essentially,
it is not surprising to observe alkene and enol signature from the
same reaction mixture. The rest of the weak signals (874, 891, 998
cm™) can be ascribed to Re-O-Re bonds.”**! In particular, the bands
at 874 and 891 cm™ can be ascribed to Re-OH stretching,*® which
lends further credence to the plausibility of the reaction scheme pro-
posed. The wider range spectra for Figure 2c and 2d are included in
Figure S7.

In the above analysis, the NC surface chemistry was probed by
characterizing the end and side products of the NC synthesis reac-
tion. However, a full mechanistic elucidation of the NC synthesis
will be required to gather a complete understanding of the pathway
for surface -OH group formation. That will require an intensive
spectroscopic investigation of the reaction intermediates, as has
been recently done by Clark et al. for Al NCs.*> Though this goes
beyond the scope of the present work, such mechanistic studies will
be interesting in the future.

Optical extinction of the NCs- observation of LSPR. The UV-
Vis extinction spectra of dilute dispersions of the as-prepared ReOs
NCs, synthesized at different temperatures are shown in Figure 3a.
The spectra feature two absorption maxima at 410 nm (=3 eV) and
590 nm (=2.1 eV), and an “absorption-edge” type feature at wave-
lengths lower than 400 nm (energies greater than 3.1 eV). However,
it is important to note at this point that even though ReOQj is an ox-
ide, it actually is a metal and hence the conventional notion of a
band-to-band transition in a semiconductor across a forbidden band
gap does not describe the dominant light-matter interaction in this
case.'” Hence, these extinction features are due to a combination of
interband transitions and the characteristic LSPR bestowed due to
nanostructuring. In the ensuing discussion, we show that the extinc-
tion maximum at 590 nm is indeed an LSPR response.

As reported by Feinleib et al., the dielectric function of ReO; ex-
hibits free electron behavior below the plasma edge of 2.1 eV, while
interband transitions are the main optical mechanisms above this
energy.' The real and imaginary parts of the dielectric function for
bulk ReO; are shown in Figure S8a, where the real part of the dielec-
tric function (&") passes the through zero at 2.18 eV (the plasma en-
ergy or plasma frequency). Further, the imaginary part of the dielec-
tric function (&") is free electron-like up to 2.3 eV with negligible
value close to the plasma energy. This condition of a negative &' ac-
companied by a negligible £" is the signature of a conductive mate-
rial that can sustain an LSPR response.””* In addition, the peaks in

the &" curve at energies higher than that correspond to interband
transitions, which are associated with larger joint density of states at
these energy levels of the electronic band structure. The dielectric
function of ReO; was deconvoluted into free- and bound-electron
contributions, as the region of free electron behavior in ReOs is de-
limited by the onset of interband transitions. A Drude treatment of
the dielectric function leads to a plasma energy of 5.5 eV (Figure
S8b), which, in the presence of the substantial bound electron con-
tribution, leads to a zero crossing in the visible region (2.18 eV).!
This substantial influence of the bound-electron component on the
free electron behavior in ReOs is reminiscent of conventional metals
like gold, silver, copper, and aluminum. ***¢

Another quantity of relevance is the loss function — defined as -
Im(&") — wherein sharp maxima have been associated with plasma
oscillations.” ***¥ 7% The sharp peak in the loss function at the
plasma energy (shown in Figure $9¢) and associated small values of
€'and €", are indicative of the collective oscillations that can be ex-
pected in ReOs NCs. These optical features support the observation
of an LSPR response in nanocrystalline ReOs. On the other hand,
the lowest energy interband transitions occurs between the oxygen
2p and the rhenium 5d-manifolds of ReOs at about 3 eV,"* and are
consistent with the features present in the calculated bulk absorption
coefficient (a; Figure S9c), which is equivalent to light absorption
by a continuous slab of ReO; and hence does not exhibit any features
specifically ascribable to nanostructuring.** *** The observation of
the shoulder at 410 nm (=3 eV) in Figure 3a is consistent with this
notion. However, the optical characteristics of small particles devi-
ate appreciably from those of the bulk solid, as a result of the surface
mode excitations.* This is especially true for small NCs made of a
conductive material like ReOs, as can be appreciated from the ap-
pearance of the $90 nm (=2.1 eV) band (Figure 3a) while there is
no appreciable absorption feature in the & curve for the bulk mate-
rial in that energy range (Figure S9c¢).

The absorption and scattering by small particles is best analyzed
using the Mie solutions to Maxwell equations on electromagnetic
waves interacting with a homogeneous sphere.** ** The optical ex-
tinction of the ReO; NCs was quantitatively modeled using the
quasi-static approximation of the Mie theory, which is applicable
since the size of the NCs is much smaller than the wavelength of light
(see section S9 for more details). The absorption cross-section g of
a small nano-object per this theory is expressed as:

Eméi
(er+2em)2+ €2

o, = 24m?R3 /e, /2 (D

where, £ = &, + ig; is the frequency-dependent complex die-
lectric constant of the core material constituting the NC, while &, is
that of the medium in which the NC is immersed, R the NC radius,
and A the wavelength. An enhancement in the absorption is ob-
served when the denominator in eq 1 approaches zero — the so-
called Frohlich condition.”* The Frohlich condition in metallic
NCs is satisfied at wavelengths where the real part of the dielectric
constant assumes a negative value, i.e., &, = —2&, and &; = 0. The
presence of free charge carriers in metals facilitates the negative
value of the real part of the dielectric constant, and specular reflec-
tivity measurements on bulk ReOs in air illustrate this same effect at
energies below 2.18 eV (the plasma edge).'
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Figure 3. Optical extinction spectroscopy of the as-prepared ReOs NCs exhibiting LSPR response. (a) Spectra for as-synthesized NCs formed at differ-
ent reaction temperatures (<200 °C) showing the LSPR band at around $90 nm and interband transition at around 410 nm. (b) Spectrum calculated
by Mie theory from the real and imaginary parts of the dielectric function of bulk ReOs. (c) Drude fit (black curve) to experimental spectrum (purple
curve) of the NCs dispersed in hexane. (d) Spectra recorded in different solvents, showing the variation in the LSPR. (e) LSPR peak wavelength plotted
as a function of the solvent refractive index, exhibiting a linear trend (fit shown). (f) Spectra recorded at different NC concentrations, for the calculation

of molar attenuation coefficient (normalized curves shown in Figure S11).

The extinction spectrum calculated from the real and imaginary
parts of the dielectric function of bulk ReO;, as per eq 1, is shown in
Figure 3b. The calculations were performed by the finite element
method solutions to the Maxwell equations in the full field mode,
and the details are included in section S9 with the model and geom-
etry of the simulations shown in Figure S10. The prominent peak in
the spectrum is ascribed to the LSPR response of these NCs, as no
such peak appears in the a curve (bulk absorption coefficient; Fig-
ure S9¢). Considering that the collective oscillations of the free elec-
trons present in metallic ReO; NCs are responsible for this LSPR re-
sponse, the optical modes experimentally observed in the 500-850
nm range were fit using the Drude model (section $10). The Drude
contribution to the dielectric function (€, (w)) is expressed as:

2

“r @)

ep(0) = € — —5———
p(@) w? +iwl

where, &, is the high-frequency dielectric constant (1, for ReOs,
Figure $8). The bulk plasma frequency (w,) is expressed as a func-
tion of the free electron density (n), electronic charge (e), permit-
tivity of vacuum (&) and electron effective mass: (a)z% =

2
ne/ Som*)' I is the damping constant and is a measure of electron

scattering in the bulk and at the NC surfaces. The Drude fit to the
optical extinction spectrum for ReOs NCs in hexane (Figure 3c) en-
abled us to extract quantitative information. The plasma frequency
was calculated to be between 4.7 — 4.9 eV, depending on the solvent
used in the spectral acquisition (section S10), which is close to the
calculated 5.5 eV by Feinleib et al.' The electron concentrations ob-
tained were in the range of 1.58 — 1.75 X 10** cm”, which are close
to the theoretical value of 1.78 X 10> cm™ considering one electron
per ReO; unit.

Very similar spectra were obtained for reactions performed at
temperatures below 200 °C (Figure 3a), which suggested similar
sizes for the NCs. As described above, only at reaction temperatures
above 200 °C, we observed the formation of NCs with larger diame-
ters. However, reactions at those temperatures also led to increased
aggregation (Figure 1f), which can be explained by reduced ligand
coverage, and increased coalescence of the growing NCs. The opti-
cal extinction spectrum for NCs synthesized at these higher temper-
atures feature line broadening (Figure S11) due to increased inter-
NC plasmonic coupling that gives rise to a red shift and potentially
increased scattering.” In fact, when the NCs synthesized at lower
temperature lose their L-type ligand shells upon multiple washings,
they exhibit similar spectral characteristics. Analogous spectral
changes are observed when NCs are dropcast on glass substrates
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(Figure S11). These observations provide further evidence that the
absorption band at 590 nm in the NC dispersions is an LSPR re-
sponse.

The LSPR response observed at 590 nm is sensitive to the sur-
rounding medium, i.e., the solvent in which these NCs are immersed
(Figure 3d). In particular, the LSPR peak position linearly redshifts
as the refractive index of the solvent increases (Figure 3e). This is
consistent with the expected behavior of an LSPR response, as has
been demonstrated for various other metal nanoparticles and doped
semiconductor NCs.** The sensitivity factor (Sr), defined as the
shift of the LSPR peak wavelength per unit change in refractive index
of the surrounding medium, was determined from the slope of the
linear fit shown in Figure 3e. For ReOs NCs, the Sr was 112.3 (+
6.8), which compares well with values for similar sized Au (44 £ 3),"
and AgNCs (87).* Similar sensitivity has also been observed in NCs
of LaBs, which has similar origins of metallic behavior as ReOs (i.e.
one extra La-electron per LaBs unit).*

The molar attenuation coefficient (€) of these ReO; NCs was
determined from a dilution series and using the Lambert-Beer law.
Figure 3f shows the six spectra with the respective NC concentra-
tions that constitute the dilution series. The NC concentration for

the mother solution was determined from the Re-content by ele-
mental analysis using ICP-OES, considering the NC size from TEM
imaging described above. As per the Lambert-Beer law, absorbance
at a certain wavelength (A) can be expressed as the function of €,
optical path length (b) in cm, and the molar concentration of the
NCs (c) i.e. A= eXbXc. The value of the € for ReO; NCs obtained
by this method was 3.3 X 10’ Mcm at the LSPR peak, and is com-
parable to that for similar sized Au NCs,***' and an order of magni-
tude smaller than that for Ag NCs,**** at their respective LSPR peaks
at visible wavelengths.

Optical modulation of NC films. EC ion (de)insertion can in-
duce reversible optical modulation in degenerately doped metal ox-
ide NCs.**** We sought to investigate the effects of such ion (de)in-
sertion on the spectral response of the inherently metallic ReO; NC
films under EC biasing. The NC films were used as the working elec-
trode in these experiments while the optical extinction of the films
was recorded in situ (Figure 4). The EC (dis)charging was carried
out with two different cations — Li* and the bulky TBA" ions. The
choice of the cations for these measurements was driven by the fact
that Li-ions are inserted into a host oxide lattice more readily while
that effect can be essentially inhibited using the bulky TBA-ions.*’
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Figure 4. EC (dis)charging and optical modulation of dropcast ReO3; NC films for Li-ion (a—c) and TBA-ion (d-f) cycling. (a, d) CV scans, (b, e) ex
situ high-resolution XPS scans of the Re 4f regions, and (c, f) in situ optical extinction spectra for the NC films charged to different potentials. (a) Li-
ion CV scans for potential ranges: 1.8 — 4 V (orange curve; reversible), and 1 - 4 V (red curve, irreversible). (d) TBA-ion CV scans at potential ranges:
1.8 - 4V (green curve; reversible), and 1 — 4V (blue curve; reversible). Arrow markers in CV scans in panel a (d) correspond to the respective potentials
at which the XPS spectra in panel b (e) were recorded. The XPS scan for the as-synthesized NCs is denoted as open circuit. In panels c and f, the arrow
markers signify loss of NIR intensity and blue shift of the LSPR-interband valley, as the films are charged.

The CV scans for the Li-ion and TBA-ion (dis)charging cycles
are shown in Figures 4a and d, respectively. In a charging cycle, the
progression of potentials was from 4 V to 1 V for injecting electrons
into the NC films. The Li CV scans (Figure 4a) exhibit two distinct
sets of redox peaks — at 2.75 and 1.3 V in the charging (or reducing)
trace, consistent with the recent bulk EC studies.* Similar redox sets

were also observed in the TBA CV scans albeit with almost non-ex-
istent 1.3 V peak (Figure 4d). However, there are several differences
between the nature of the EC cycling with the two ions. The first is
that of reversibility — in the measured potential range of 1 — 4V, the
reversible (de)insertion of Li is compromised once the films are



charged to potentials lower than 1.5V, i.e., once the charging pro-
ceeds beyond the second redox peak at 1.3 V. The material breaks
down at these strong reducing potentials, as evidenced by the emer-
gence of multiple peaks in the subsequent oxidizing trace at poten-
tials above 2.5 V. The breakdown apparently occurs even in the first
scan and subsequent scans exhibit a capacitive nature of charging
with no distinct redox peaks (Figure S12). The Li CV scans cycle
reversibly in the 1.8 — 4 V range, however. On the contrary, the TBA
CV-scans remain reversible in a larger potential range of 1 - 4 V (Fig-
ure S13).

Another major difference in the CV scans is the magnitude of the
current recorded for the same scan rate (10 mV/s) and similar film
surface area and thickness for each ion. The currents for the TBA-
ion are about an order of magnitude lower than that recorded for the
Li-ion charging. Furthermore, the pronounced peak at 1.3 V for Li-
scan is of negligible magnitude in the TBA-scan (compare Figures
4aand d). Based on prior literature, the observations made for the Li
ion scans can be correlated with the progressive insertion of Li ions
in the ReOs lattice accompanied by transformations to multiple
phases generally formulated as Li,ReOs.” In fact, the ReOs lattice
can accommodate up to two Li ions per unit of ReO; (ie, x = 2),
leading to the Li:ReO; phase." This is feasible due to the open-
framework of the lattice (Figure S14) which arises from the missing
large central A-site cation in this perovskite structure. Accommodat-
ing one Liion in each A-site (forming LiReOs) involves little struc-
tural reorganization and can be done reversibly, consistent with the
reversibility illustrated in the 1.8 — 4 V range (Figure S12). However,
the A-site requires significant expansion when more than one Liion
occupies the same site, as will be the case on average for x > 1. This
leads to significant structural distortion involving rotations of the
ReOs octahedra (Figure S14), which eventually blocks the easy Li-
ion transport previously possible in the highly symmetric cubic
structure.”’ This regime is signified by the 1.3 V reduction peak (Fig-
ure 4a) and also explains the irreversibility of the Li (de)insertion
after the first scan (Figure S12). These conclusions are corroborated
by ex situ XPS in the Re 4f range (Figure 4b). As discussed previ-
ously in the context of Figure S4, the Re 4f signal for the as-synthe-
sized NCs is highly convoluted and exhibits a triplet instead of a dou-
blet. These peaks progressively shift to lower values of BE as the ex-
tent of Li incorporation increases, signifying reduction in the Re ox-
idation state and presumed formation of LiReO; (at 1.8 V) and
LigwReOs (at 1.2 V).* The incorporation of Li is also evident from
the appearance of the Li 1s signal in XPS (marked for the 1.2V spec-
trum). Li can reduce ReOs even further as demonstrated by the fur-
ther shift in the Re 4f XPS of the NCs deposited on a cleaned Li foil,
compared to the 1.2 V spectrum (Figure S15). The fact that we do
not observe such level of reduction in our EC experiments suggests
that the structure disintegration occurs much before the limit of 2 Li
ions per ReOs unit is reached.

Owing to the relative bulk of the TBA-ion inhibiting lattice ion
insertion, we do not expect to observe distinct redox peaks in the CV
scans involving this ion and (dis) charging is expected to be primarily
of a capacitive nature. However, the prominent 2.75 V reduction
peak (Figure 4d) can be ascribed to the small size of the NCs, which
allows for a substantial current due to pseudocapacitive effects.
Open surface A-sites can conceivably accommodate TBA ions that
charge compensate injected electrons that reduce the Re ions. The
lack of long alkyl chains on the washed NC surfaces, as discussed
above, can facilitate the approach and surface interaction of TBA
ions. The relatively small currents in the CV scans using TBA sup-
port this interpretation, as does the absence of a second redox peak

at 1.3 V (as observed for Li) since it is likely infeasible to accommo-
date two bulky TBA ions on an A-site, even one located at the NC-
electrolyte interface. Pseudocapacitive charging has been demon-
strated to contribute significantly in other nanostructured metal ox-
ides.”” Ex situ XPS measurements following reduction in a TBA elec-
trolyte (Figure 4f) indicate reduction of the Re albeit to a lesser de-
gree than with Li, as the shifts of the Re 4f BE are lower in magnitude
when comparing reduction at 1.2 V between the two ions (compare
Figures 4e and f).

The in situ recorded optical extinction spectra for these ion
(de)insertion experiments exhibited changes that are consistent
with previously reported electrochemically induced phase transfor-
mations of ReO; lacking a distinct nanostructure. The spectral
changes are strikingly similar for charging with Li (Figure 4c) or
TBA (Figure 4f), suggesting similar underlying mechanisms. The
films were charged back to the open circuit potential after each spec-
tral acquisition at a particular potential, in order to ensure reversibil-
ity. The TBA spectra could be recovered to the open circuit spec-
trum after (dis)charging to each potential shown in Figure 4f, signi-
fying the reversibility of the process over the entire potential range.
However, the Li spectra could not be recovered to the open circuit
spectrum once the film was charged to potentials lower than 1.8V,
consistent with the irreversibility of EC cycling beyond that poten-
tial with a Li electrolyte. The extinction in the near-infrared (NIR)
range declines as the films are progressively charged, accompanied
by a blue shift of the valley between the LSPR and interband transi-
tion. The valley moves from about 500 (2.48 V) nm to 435 nm
(2.85 eV) regardless of the cation in the electrolyte.

These results can be understood by the previously reported EC
phase transformations associated with the lithium (de)insertion in
ReO:s. Li;ReO; remains metallic for most values of x up to x =2, so
an LSPR response is expected in our NC films even as they progress
through various states of charge. In fact, the broad extinction peak
that we ascribe to LSPR is observed at all potentials (Figure S11b).
However, different metallic phases are expected to exhibit distinct
plasma energies owing to varying free electron densities and elec-
tronic band structures, leading to changes in plasma energies and ef-
fective masses. These changes are expected to influence the LSPR
peak position and intensity of absorption in the NIR, consistent with
the observed blue shifts in the LSPR-interband valley and increased
extinction in the NIR at reducing potentials. The spectroscopic po-
sition of interband absorption features is also expected to change
due to changes in the electronic band structure. Hence, the spectral
responses recorded in Figure 4e are understood as the combined ef-
fect of all these mechanisms. Similar conclusions can also be drawn
in case of TBA cycling in Figure 4f, although TBA cycling has the
added advantage of being reversible. This elucidated plasmonic
modulation in metallic ReO3; NCs differs fundamentally from tradi-
tional metallic systems like Ag or Au NCs where capacitive charging
is the only significant EC modulation mechanism.***

Since polaronic effects during Li insertion in bulk ReOs are ex-
cluded,® this material in its bulk form has so far been considered un-
interesting from the point of view of an electrochromic oxide.*
However, obtaining colloidal NCs of this material has enabled the
observation of LSPR and consequently the interesting SEC re-
sponses described here. The ability to synthesize discrete NCs and
process these into films should enable a wide array of fundamental
investigations and potential applications.

CONCLUSIONS
We have described a hot-injection synthesis procedure for col-



loidal ReO3; NCs, which progresses through an ether-based reduc-
tion. This intriguing metallic system has not been previously synthe-
sized by colloidal chemistry and our success at this has enabled the
first fundamental studies of LSPR phenomena emerging in na-
noscale ReQOs. This material is remarkable in that it is an oxide and
yet exhibits significant free electron density owing to the one con-
duction band electron per ReOs unit. Motivated by the complicated
redox chemistry of rhenium, the chemical synthesis itself is a depar-
ture from the usual methods associated with making colloidal metal
oxide NCs - it does not proceed through the more common metal
alkylcarboxylate nucleophilic lysis where the oxidation state of the
metal cation remains constant throughout. Instead, a “soft” reduc-
tion of thenium (+7) oxide in organic media containing long carbon
chain ethers was used to produce ReO; NCs. The ether molecules
bind to the NC surface, and so do hydroxyl moieties generated dur-
ing the reaction. This mixed ligand shell imparts an unusual flexibil-
ity in switching between nonpolar and polar solvents, which facili-
tates easy processing, e.g., into electrochemically active films as
demonstrated here.

The colloidal stability of the ReOs NC dispersions enabled us to
investigate the optical extinction of these plasmonic NCs and facili-
tated our rationalization of their optical spectra as a combination of
interband and LSPR contributions, based on interpretation sup-
ported by Mie theory calculations and Drude fitting. The broadened
LSPR response in the NC films enabled the observation of optical
modulation in these films under EC biasing with Li and TBA ions.
Such optical modulation was hitherto not observed in bulk ReOs alt-
hough reversible phase transformations to different metallic phases
accompanying these ion (de)insertion experiments have been re-
ported earlier for bulk ReOs. This optical modulation serves as an
example of the advantages of producing ReO; in the nanoscale. Con-
sidering that this synthesis method can produce large quantities of
these NCs fairly quickly, it should inspire further investigations of
these NCs such as in molecular sensing and plasmonic photocataly-
sis.
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S1. FTIR spectrum of Re2O7-tetraglyme complex
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Figure S1. FTIR spectrum of Re207 in tetraglyme (red curve), in comparison to the tetraglyme
spectrum (green curve). The Re-O-Re stretching mode (shown in inset) is marked at 909 cm™,
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S2. Raman spectrum of as-prepared ReOs NCs
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Figure S2. Raman spectrum of as-prepared ReOs NCs, showing the characteristics asymmetric
stretching (vas) and bending (8as) modes of the crystal phase.! The spectrum was collected on a
dropcast film of ReOs NCs using Horiba LabRAM Aramis instrument equipped with a confocal
aperture, at 632 nm excitation wavelength and acquisition time of 180 s.
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S3. Brown amorphous product (synthesis with alcohols, amines, or
carboxylic acids)
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Figure S3. XRD pattern of the brown amorphous product when the NC synthesis was performed
in the presence of oleyl alcohol, in reference to database powder XRD line pattern of ReOs
(AMCSD #0016967). Photograph of the product in the inset. This product is representative of
those formed with long chain alcohols, amines or alkylcarboxylic acids.
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S4. High-resolution XPS scans of ReOsz NCs
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Figure S4. Re 4f (panel a) and O 1s (panel b) high-resolution XPS scans of the as-synthesized
ReO3 NCs in comparison to those of commercially procured Re207 powder. The Re 4f signals due
to +7 and +6 oxidation states are marked in panel a. The triplet observed in ReOs NCs is due to
convoluted signals from Re(+6) doublets and the surface hydroxyls leading to an ill-defined
oxidation state for surface Re atoms (a combination of +7 and +6 oxidation states).
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S5. Photographs of solutions of Re>O7 in tetraglyme and dioctyl ether

a.Re,0, in tetraglyme

After 3-4 days
in the glove box

b.Re,O, in dioctyl ether

Figure S5. Photographs showing the effects of tetraglyme and dioctyl ether on the Re207
precursor. The solution of Re207 in tetraglyme slowly turns brown, which indicates that this
solution should be freshly prepared before injection. Dioctyl ether, on the other hand, turns Re207
green almost instantaneously, rendering it an ideal reductant in a hot injection synthesis.
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S6. Proposed reaction intermediate resulting in formation of surface
hydroxyls
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Figure S6. Sketch of a plausible reaction intermediate that can explain the formation of hydroxyl
moieties on the ReO3 NC surfaces and the observation of alkene protons in NMR spectrum (Figure
2, main text).
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S7. NMR and FTIR spectra of the synthesis mixture
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Figure S7. Wider range FTIR (panel a) and NMR (panel b) spectra of the synthesis mixture (blue
curves) in comparison to that for TGY (red curve) and DOE (yellow curve).
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S8. Optical constants of bulk ReOs

The real and imaginary parts of the dielectric function (¢’ and &", respectively) for ReOs were
extracted from the data reported by Feinleib et al. obtained from absolute reflectance
measurements on a single-crystal of ReOs.? Data extraction was performed using the freely
available web-based program, WEBPLOTDIGITIZER (https://automeris.io/WebPlotDigitizer,
author: Ankit Rohatgi, Ver: 4.1, Jan, 2018). The real and imaginary parts of the refractive index
(n and «, respectively) for ReOs were then calculated using the following equations:

/ W2
Pyt el

n= [fF—— (9.1)

2 w2
g+ ¢

k= [F— 9.2)

The plots for ¢’ and " are shown in Figure S8a and S9a, and that for n and k, in Figures S9b
below. The optical absorption coefficient (@) was then calculated using the following formula:

a=— (9.3)
The absorption coefficient is plotted in Figure S9c.

The loss function is defined as —Im(s~1) or in other form as £"/(&'? + £"?), and is plotted in
Figures S8c and S9c — peaks in this curve are associated with plasma oscillations.
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Figure S8. Optical characteristics of an ReOs single-crystal over the entire energy range.? (a)real
(purple) and imaginary (green) parts of the dielectric function, (b) real part of the dielectric
function (purple curve) deconvoluted into bound (red curve) and free electron (green curve)
contributions, and (c) loss function (red curve).

S10


https://automeris.io/WebPlotDigitizer

d Wavelength (nm)

827 620 49 413 354 310 276

T NN NN TN AN NN NN TR SN W NN
8 ' "
€

|
—_
o

Loss function [- Im(g™)]

~0.5

1.5 20 25 30 35 40 45
Energy (eV)
Figure S9. Optical characteristics of an ReOs single-crystal:? (a) real and imaginary parts of the
dielectric function, (b) real and imaginary parts of the refractive index calculated from the

respective dielectric functions, and (c) bulk absorption coefficient (blue curve) calculated from the
imaginary part of the refractive index, along with the loss function (red curve).
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S9. Simulation of NC extinction spectrum

The COMSOL multiphysics program (https://www.comsol.com) was used to calculate the
extinction spectrum for ReOs NCs from the bulk values of the real and imaginary parts of the
dielectric function measured from the reflectivity of a single crystal of ReO3.2 The computation
uses the electrostatic approximation for the interaction of a conductive sphere, a few nanometers
across, with an external electric field.3* Since, localized surface plasmon resonance (LSPR) is a
non-propagating excitation of the free charge carriers (electrons/holes) in the metallic
nanostructures coupled to the electromagnetic (EM) field, the phase of an oscillating field over a
sphere of diameter (d) much smaller than wavelength (1) of light is practically constant. This is
called the quasi-static approximation (or limit) and is valid at d << A, where the spatial variation
in the field can be ignored and the problem can be simplified to that of a nanosphere in an
“electrostatic” field.

The geometry for this analytical treatment includes a homogeneous isotropic sphere of radius (r)
located at the origin in a uniform electric field, with a non-absorbing isotropic surrounding medium
(with dielectric constant ¢,,) and the field lines being parallel to the z-direction at sufficient
distance from the sphere. A lowest order approximation of the full scattering problem can then
describe the optical characteristics of nanoparticles of sizes below 100 nm adequately. The Mie
solutions to this scattering problem yields an expression for the dipole polarizability («) of the
nanosphere:

a = 4mr3 (10.1)
Here, ¢ is the dielectric function of the NC core material (ReOs in the present case). As is apparent
from eq 10.1 above, a resonant enhancement occurs in a when the denominator vanishes— this is
called the Frohlich condition and the associated optical mode for a metallic NC like that of ReOs
is called the LSPR. It is important to note that this resonance red-shifts as &,, increases — a
characteristic feature of an LSPR used for optical sensing.® The extinction cross-section (g,y;) is
then expressed as the sum of absorption (o,;) and scattering (o,,;) Cross-sections i.e. Go,:= Ogps
+ 05.,- The following (eqs 10.2 and 10.3) are the expressions for g, and o, in terms of a,
where k is the wave-vector of the incident light (EM field).:

c—¢
Oaps = ¥ Im[a] = 4mkr3Im [—g - 2;] (10.2)
k* 8m £— &y |2
2 4.6 m
_ _ 10.3
sca = on @ 3T e + 2¢,, (10:3)
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Building the model in COMSOL.:

ReOs sphere of 2.5 nm in radius was designed using the Wave Optics Module in COMSOL. A
surrounding medium was represented by a larger concentric sphere, signifying the solvent
chloroform (&,,= 2.08) provided by built-in Optical Materials Database dielectric constant.® The
entire system was then immersed in a perfect index matching layer (PML) which prevents
unwanted reflections from outside boundary. Further semi-hemispheric symmetry with
perpendicular perfect electrical conductor (PEC) and perfect magnetic conductor (PMC) boundary
layer was employed at NC core and surrounding medium to optimize computation time. The
maximum and minimum mesh sizes were set at 0.5 and 0.05 nm, respectively. This enabled extra-
fine physics-controlled meshing and yielded 438,350 degrees of freedom and corresponded to 5.7
GB RAM for the biconjugate gradient stabilized method (BiCGStab) solver. The finite element
method solutions to the Maxwell equations were then obtained in the full field mode for the
scattered field formulation with the background electric field propagating along the x-axis and
polarized along the z-axis.
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Figure S10. Model for COMSOL computation. (a) Geometry and meshing of the spherical ReOs
NC, medium, and perfect matching layer (PML) boundary conditions for solving the Maxwell
equations. b) COMSOL component model schematic for ReOs NC (purple core), medium (orange
middle layer), and PML boundary (green outer layer). Directional axis is included in inset, with
electric field propagation along x-axis and E field polarization along z-axis.
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S10. Drude modeling of LSPR response

Since the Drude model is the application of kinetic theory of gases on the gas of “free electrons”,
it is appropriate to treat the optical response originating from metallic NCs like those of ReOs
under its assumptions and results.” However, the interband transitions in ReOs can best be treated
by the Lorentz oscillator model of band-to-band transition. As mentioned in the main text, the
dielectric function of ReOs has contributions from both free electrons and interband transitions in
the system and they have considerable overlap which perturbs the optical response, as shown by
Feinleib et al.? Ideally, a complete treatment of the optical extinction should be performed with a
combined Drude-Lorentz dispersion model.® However, in order to extract meaningful quantitative
information out of the LSPR response of the ReOs NCs, we have fitted that part of the spectrum
(500-850 nm) using the Drude methodology. The dielectric function for a NC of a conductive
material like ReOs, as per the Drude contribution (¢, (w)), is given by the following eq 11.1:

2

p
_ 11.1
w? + iwT ( )

w.
ep(w) = € —
Here, €, is the high-frequency dielectric (which is fixed at 1, as per Figure S8 above), wp is the
bulk plasma frequency given by eq 11.2 and T is the electronic damping constant.
ne?

2 — 11.2
Wp g’ ( )

Here, n is the free charge carrier (electron) density, e being the electronic charge, ¢, the
permittivity of vacuum and m* the electron effective mass.

Our Matlab codes used eqs 11.1 and 11.2 above to perform a least-squares fit to the collected
spectra and extract the plasma frequency (wp), damping constant (I') and finally the electron
density.

Solvent wp(cm™) wp(eV) T (cm?) I (eV) n (x 10?2 cm3)
Hexane 37575.7 4.66 5592.85 0.69 1.58
Chloroform 37893.8 4.69 5167.82 0.64 1.61
Toluene 38310.3 4.75 5245.65 0.65 1.64
Carbon disulfide 39574.7 4.9 5129.62 0.64 1.75
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S11. Optical extinction spectra showing effects of aggregation on
LSPR

a b c '
’,”/;,::\(\‘\ 17.8 nM
TN 5.92 nM
b ! 0.66 M
= _ NC film on — ,:.'y \%‘\\\ 0.22 nM
3 3 ‘ 3 glass substrate 3 ;,:} ‘\*‘
Z ) / ’ o £ 7] W
5 g Y 5 :f (3
=] o ie] i W
T = =1 iy A
o o 9] Jid W
= = £ il "
3 2 £ b W
(Y] (h] (] :;’.‘rf \““
~ 7 T
N W
- N
W
\\\\‘
W
Nty
AN
N
Ng=
g T A T hd T v T hd T T T T T T T T
300 400 500 600 700 800 500 1000 1500 600 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S11. UV-Vis-NIR extinction spectra of ReO3 NCs: (a) synthesized at less than (blue curve)
and more than (red curve) 200 °C, and (b) after multiple washings exhibiting red-shifted curve
(green curve) and drop-cast on a glass substrate (purple curve) showing significant red-shift from
the original 590 nm LSPR position of the individually suspended NCs. The considerable shift is
attributed to increased LSPR coupling upon aggregation and scattering contributions to extinction.
(c) Normalized extinction curves for the dilution series used for the calculation of molar
attenuation coefficient in Figure 3.
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S12. Reversibility of cyclic voltammetry (CV) scans for Li- and TBA-
ions
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Figure S12. CV scans for Li-ions for different potential ranges with single scans shown on the left
panel and multiple scans (depicting reversibility or its lack thereof) on the right panel for each
range. (a) 1.8 — 4 V (reversible), and (b) 1 — 4 V (irreversible). Note that the CV scans in the right

panel in (b) become irreversible after the first cycle signaling structure breakdown of the ReOs
lattice.
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Figure S13. CV scans for TBA-ions for different potential ranges with single scans shown on the
left panel and multiple scans on the right panel for each range. (a) 1.8 — 4 V, (b) 1 — 4 V. Unlike
Li-cycling, TBA-cycling is reversible in the full potential range used for cycling.
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S13. Perovskite crystal structure of ReOzshowing missing A-site cation

A-site

Figure S14. Crystal structure showing the open framework of ReOs due to the missing large A-
site cation from the perovskite ABOs structure. (Oxygen atoms = red; Rhenium atoms = grey). All
the crystal drawings in this manuscript were produced using the VESTA software.®
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S14. High-resolution XPS scan of ReOsz NCs on Li-foil
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Figure S15. Re 4f narrow region XPS scans for ReOs NCs charged to 1.2 V (most reduced state,
red curve) and those deposited on a cleaned Li-foil (green curve). The blue-green appearance of

the NCs immediately converts to black signifying quick reduction by the Li metal. The Li 1s
regions are marked.
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