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ABSTRACT: ManiPulation of 'materia.l composition can often induce unprece- Dielectric 3 [DR LSPR

dented optoelectronic changes in semiconductor nanocrystals (NCs). Here, we Resonance < LSPR
demonstrate that bornite-phase copper iron sulfide (CusFeS,) NCs exhibit tunable ] = (-
optical characteristics from visible to near-infrared (NIR) that are strongly g

dependent on their iron content. These stoichiometry-dependent optical . by .
modulations confirm that the origin of the spectral response in these NCs is 7 500 1000 1500 2000 N

due to the occurrence of two fundamentally different types of resonant excitation: Wavelength (nm)

(i) a quasi-static dielectric resonance (DR) and (ii) a localized surface plasmon Oxidation

resonance (LSPR). Electronic band structure calculations by density functional (Selective Fe removal)

theory (DFT) show that the presence of an intermediate band (IB) of states

formed by empty Fe d-orbitals gives rise to the occurrence of a DR in the visible-frequency regime, analogous to the observed optical
response in all-dielectric IB chalcopyrite (CuFeS,) NCs. Moreover, as the Fe content of the NCs is decreased via aerobic oxidation,
the intensity of the DR diminishes, accompanied by a concomitant rise in the intensity of a hole-induced LSPR response in the NIR,
reminiscent of self-doped copper sulfide NCs. Notably, the spectral position of the DR does not change as its intensity is reduced,
clearly differentiating this mode of resonant excitation from the well-known LSPR response, which shifts substantially in frequency as
the free-carrier concentration is modified. We further demonstrate an analogous DR-to-LSPR evolution in CuFeS, NCs subjected to
the influence of oxidizing agents and added ions. The decreased Fe content significantly reduces the contributions of Fe 3d orbitals
to the IB in these ternary Cu—Fe—S NCs, resulting in a reduced DR intensity, and as the composition approaches a more Cu—S-like
system, the vacancy-induced LSPR intensity becomes more pronounced. This is an example of compositionally induced DR-to-
LSPR optical modulation in colloidal nanomaterials, which could be useful in dynamically responsive material applications and as a
synthetic strategy for engineering desired spectral responses in semiconductor NCs.

H INTRODUCTION times, owing to their structural, compositional, and stoichio-
metric versatility, and more importantly, for the “self-doped”
intrinsic formation of copper vacancies that lead to the
localized surface plasmon resonance (LSPR) response in the
near-infrared (NIR) region of the electromagnetic spec-
trum.”' ™ This optical response of binary copper chalcogenide
NCs is tunable through manipulation of their composition, and
the same principles have lately been extended to ternary and
quaternary chalcogenide NCs as well,” " albeit the
mechanism underlying the optical responses can be funda-
mentally different in different material systems. For instance, in

) . contrast to the widely studied plasmonic Cu—S NCs, Ghosh
has been demonstrated to render hitherto unknown optical . ) .
and Gaspari et al. recently showed that a metal-like optical
responses at the nanoscale, as has recently been degnlgr}sltrated response in chalcopyrite CuFeS, NCs can be attributed to its
for colloidal nanocrystals (NCs) of CuFeS,” ™ nd

Cu;VS,. """ Further, from the perspective of practical p-
applications, IB semiconductor NCs are of significance as Received: December 16, 2020
they enable a more efficient absorption of solar radiation,"*"® Re‘”?ed’ February 15, 2021
improved thermoelectric efficiency,'®'” and can be used as Published: February 26, 2021
5,18-20

photothermal agents for cancer therapy.

Among the nanoscale metal chalcogenides, colloidal NCs of
copper chalcogenides have been actively studied in recent

Transition metals with partially filled d-orbitals are known to
bestow interesting electronic, magnetic, and optical character-
istics to the materials they constitute.' ™ For instance, Re®*
being a d' system confers metallic character to rhenium (+6)
oxide,”® while the incorporation of Cr** (d' system) enables
lower-energy photon absorption in relatively wide band gap
semiconductors like CuGaS,.” In metal sulfides, this influence
manifests in the form of delocalized d-levels, which form a
narrow band near the top of the valence band (VB) or deep in
the band gap.”®” The presence of this intermediate band (IB)
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Figure 1. Structural and morphological characterization of the as-synthesized bornite NCs. The TEM images of (a) low-Fe and (b) high-Fe bornite
NCs; insets show the respective HRTEM images and fast Fourier transforms of individual NCs. (c) XRD patterns of NC samples with varied Fe
content, in comparison to reference lines for bornite CusFeS, (PDF #98-000-6587; blue lines) and bornite Cu,FeS, (PDF #98-000-4849; red
lines). (d) Bornite NC lattice constants determined from the XRD patterns in panel c, flanked by representative bornite polymorphs. (e) UV—vis—
NIR extinction spectra of as-synthesized bornite NCs with the lowest and highest Fe content. Spectral artifacts caused by the NIR absorption bands

of the chloroform solvent are marked by asterisks.

unique band structure, which constitutes an IB of states
generated by empty Fe 3d orbitals.”'® Remarkably, when the
IB is sufficiently close to the VB edge, the material can exhibit
a negative real permittivity across a broad range of visible
frequencies.'” This negative real permittivity enables a Frohlich
resonance condition, leading to a quasi-static dielectric
resonance (DR) and associated resonant absorption in the
visible-frequency regime, despite a complete lack of ground-
state free charge carriers, as demonstrated in nanoscale
CuFeSZ.S’10

The presence of Fe, as the transition metal with partially
filled d-orbitals, is then the defining factor in the optical
signatures from these Cu—Fe—S systems. Similar to the
experiments on binary Cu—S NCs, a modulation of this optical
response through changing compositions has been demon-
strated in some nanoscale Cu—Fe—S$ semiconductors.”* ™" For
instance, the introduction of Cd in Cu—Fe—S NCs rendered
them luminescent,”® while a modulation of the DR was
demonstrated through changing the S:Se ratio in CuFeS,_,Se,
alloyed NCs.** However, a comprehensive demonstration of
the influence of changing Fe content on the optical responses
of Cu—Fe—S NCs is necessary to develop a proper
understanding of the spectral influence of the Fe 3d orbitals
and devise practical applications of these nanoscale semi-
conductors.

Here, we investigate the influence of iron content on the
optical resonances and, concomitantly, the electronic structure
of bornite-phase, copper iron sulfide NCs, synthesized via a
colloidal hot-injection route. The synthesis entails rapidly
introducing a reactive sulfur precursor into a hot solution of
copper and iron precursors in admixture with excess halide
ions and organic surfactants. This halide-assisted synthetic
method enabled both a monodisperse size distribution and
control over the composition of the as-synthesized bornite
NCs, allowing for delineation of the relationship between Fe
content, electronic structure, and the spectral characteristics of
nanoscale Cu—Fe—S systems. As the Fe content of the as-
synthesized bornite NCs was varied from 4.1 to 12.5%,
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significant changes in their optical extinction spectra were
observed, with high-Fe-content NCs exhibiting the appearance
of a strong absorption band in the visible-frequency regime
(centered at 490 nm; 2.53 V), which we attribute to a Fe 3d
IB-associated DR, while the low-Fe-content NCs exhibit an
NIR LSPR response (centered at 1000 nm; 1.24 eV). Further,
a DR-to-LSPR transition could be induced via simple aerobic
oxidation of the as-synthesized bornite NCs, which was
ascribed to the oxidatively driven removal of Fe (out of the
NCs) by careful elemental analysis of the NC composition. A
similar spectral transition was also demonstrated on
chalcopyrite (CuFeS,) NCs via controlled oxidation and
addition of ions, which further corroborates the role of Fe 3d
orbitals in the emergence of the visible-frequency DR centered
at 490 nm (2.53 eV) in nanoscale Cu—Fe—S systems. Density
functional theory (DFT) calculations lend additional evidence
in this regard, showing an increased contribution to the density
of states (DOS) in the IB as the Fe content of the bornite NCs
is increased. These spectral changes are visually discernible, as
the DR induces a purple-colored NC dispersion while the
LSPR leads to a green color, for both bornite and chalcopyrite
NCs. These joint investigations validate that the intense 490
nm band in nanoscale Cu—Fe—S systems cannot be attributed
to the more widely known LSPR response that arises from the
collective oscillations of free charge carriers and is indeed due
to their unique band structure that contains an intermediate Fe
d-band that enables a Frolich resonance in the visible region.
These optical modulations via compositional tuning yield a
more holistic understanding of the DR response of Cu—Fe—S$
NCs and can be further engineered into dynamic material
systems.

B RESULTS AND DISCUSSION

The synthesis of bornite-phase copper iron sulfide NCs with
controlled iron content was performed via hot injection on a
Schlenk line, where a reactive sulfur precursor (hexamethyldi-
silathiane in octadecene) was rapidly injected into a hot
solution of copper(Il) and iron(III) chlorides in a mixture of

https://dx.doi.org/10.1021/acs.chemmater.0c04798
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trioctylphosphine oxide, oleylamine, oleic acid, and octade-
cene. The metal—precursor solution was also charged with
excess sodium chloride, to ensure that the reaction medium
was halide rich. The presence of excess halide species was
necessary to obtain the desired iron content while maintaining
a monodisperse size distribution in these NCs,>' as it is
important to balance the reactivity of the two metal precursors
for a chosen stoichiometry in ternary copper chalcogenide
NCs,”** as has been demonstrated previously for various
colloidal NCs.**~** When the synthesis was performed with no
added halide ions in the system, large, polydisperse, low-iron-
content bornite NCs with a platelet-like morphology resulted,
predominantly exhibiting a broad NIR LSPR optical signature
(Figure S1). However, for the experiments described herein, it
was critical that samples of monodisperse, phase-pure bornite
NCs with tunable iron content were produced (Figure S2),
both of which were achieved via the presence of the excess
halide ions. In these syntheses, the quantity of FeCl; was
adjusted relative to a fixed amount of CuCl,, with
representative transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images of the resulting NCs
shown in Figure 1. Iron contents ranging from 4.1 atomic %
(Figure 1a) to 12.5 atomic % (Figure 1b) were obtained, as
determined by elemental analysis via energy-dispersive X-ray
spectroscopy (EDXS) (Table S1), and these stoichiometries
are, respectively, referred to as “low-Fe” and “high-Fe” bornite
in this work. As a reference, the crystal structure of the two
major bornite polymorphs, CusFeS, (10 atomic % Fe) and
Cu,FeS, (20 atomic % Fe), is shown in Figure S3, where S
atoms form a face-centered cubic lattice with Cu and Fe atoms
residing in a subset of the tetrahedral sites, as compared to the
fully tetragonal chalcopyrite CuFeS, structure. The iron-
content difference between these bornite polymorphs can be
appreciated from the fact that in a unit cell, a Cu atom in
Cu,FeS, is essentially replaced by an Fe atom in Cu,FeS, (or
Cu,Fe,S,, for the sake of clarity), and considering that the NCs
reported here exhibit stoichiometries which can be interpo-
lated between these extreme cases, this system is particularly
well suited for studying the effect of Fe content on the optical
signatures exhibited by nanoscale Cu—Fe—S materials. In
comparison, the main difference between the bornite and
chalcopyrite structures is in the relative occupation of
tetrahedrally coordinated Cu and Fe atoms, as can be
appreciated from their crystal structures shown in Figure S3.
The tighter size control afforded by the halide-assisted
synthesis can be discerned from the fact that the as-synthesized
NCs exhibit a relatively uniform size distribution with average
diameters of 16.2 + 2.1 and 15.4 + 1.4 nm, respectively, for the
low-Fe and high-Fe compositions (Figure S2). HRTEM
images (insets, Figure 1a,b) reveal the single-crystalline nature
of the as-synthesized NCs, with the measured interplanar
distances corresponding to the (044) lattice planes of the cubic
bornite structure. Interestingly, the measured interplanar
spacing was found to be dependent on the Fe content of the
NCs, with higher Fe-content NCs exhibiting a narrower (044)
d-spacing. This is suggestive of lattice compression as the Fe
content in the NC increases, and indeed this can be correlated
with the smaller ionic radius of Fe (compared to Cu), leading
to a decreased lattice constant as the Fe atoms progressively
replace Cu atoms in the NC lattice. In fact, a more general set
of evidence in this regard is obtained from X-ray diffraction
(XRD) measurements (Figure 1c), which further corroborates
the observed trend. The high-Fe bornite NC diffraction
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patterns can be clearly ascribed to the cubic bornite phase
(Figure 1c), with the indexed diffraction peaks systematically
shifting toward higher Bragg angles upon increasing Fe
content. As mentioned above, the NCs reported herein exhibit
stoichiometries that range between the bornite polymorphs of
CusFeS, and Cu,FeS,, and this fact is also apparent in the
XRD patterns shown in Figure lc. Cu,FeS, exhibits higher
Bragg angles in comparison to CugFeS,, in line with the fact
that Cu,FeS, has a higher Fe content (20%) and the high-Fe
bornite NCs (12.5% Fe) actually exhibit Bragg angles closer to
the Cu,FeS, polymorph. On the other hand, low-Fe bornite
NCs (4.1% Fe) have Bragg angles closer to the CusFeS,
polymorph, while the other stoichiometries systematically fall
in between these cases. In addition, this systematic shift in the
XRD patterns confirms that the additional iron has been
uniformly incorporated into the crystal lattice.”*° The lattice
constants calculated from each of the measured XRD patterns
are plotted in Figure 1d as a function of the measured Fe
content for each respective sample. Notably, the calculated
lattice constants are remarkably consistent with the lattice
parameters determined from TEM (Figure S4), with the
results of both measurements shown overlaid in Figure SS.
However, the most striking difference between the low-Fe and
high-Fe bornite NCs is in their optical extinction profiles
(Figure le), which were found to exhibit strong, resonant
extinction features with iron-content-dependent intensities at
distinct visible and NIR frequencies. As discussed in detail
below, we attribute these extinction features to two
fundamentally different types of resonant excitation.

Since the absorption and scattering cross-sections of a
colloidal nanostructure are directly related to its polarizability,

ST .
ot = —lal®, and k is the wavevector of
61

where o, = k-Im{a}, g,
the incident light, the wavelengths at which resonant extinction
features occur can be readily determined via an examination of
the polarizability, @, of the nanostructure, which can be
extracted by solving Maxwell’s equations for a dielectric
particle subjected to an incident electromagnetic wave.’” For a
nanostructure with a spherical shape, the resulting polar-

izability is given by the following Mie theory expression
(e — &)

a =3¢,V
O (e + 2¢,)

where € is the permittivity of free space, V is the volume of the
nanostructure, €, is the dielectric function of the surrounding
medium, and ¢ is the complex permittivity of the nanostructure
itself>” At certain frequencies, depending on the relative
permittivities of the nanostructure and the surrounding
medium, the denominator of the above expression for the
polarizabilty approaches zero, resulting in a divergent polar-
izibility and subsequent resonant absorption and scattering
proﬁles.37 For a dielectric sphere, the Frolich resonance
condition (where ¢ + 2¢,, — 0) occurs at specific frequencies
where the real component of the nanostructure permittivity, €',
is equal to —2é,,.>” Thus, for colloidal NCs with typical ligands
and solvent media, resonant absorption and scattering features
occur at frequencies where the real component of the
nanostructure dielectric function becomes negative.””"**

For metallic and highly doped semiconductor nanostruc-
tures, it is the high density of free charge carriers that enables a
negative real permittivity, typically in the visible-to-infrared
frequency regime, resulting in the collective, coherent
excitation of a LSPR at the frequency where the polarizability

https://dx.doi.org/10.1021/acs.chemmater.0c04798
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of the structure diverges.””*®*" While free-charge-carrier-
enabled LSPRs are perhaps the most well-known class of
resonant excitation in colloidal nanomaterials, it should be
noted that other important modes of resonant excitation also
exist. Since the permittivity of an inorganic material is a
complex, additive function with many components, including
free-carrier contributions, interband and intraband electronic
excitations, and phononic vibrational excitations, these
collective contributions can give rise to negative real
permittivities at a variety of frequencies.’”® For example,
many inorganic dielectric materials exhibit high-frequency
negative permittivities, and Mie resonances at the correspond-
ing energies in the ultraviolet are quite common.”***!
Moreover, as mentioned earlier in the introduction, it was
recently demonstrated that IB semiconductor NCs can exhibit
visible-frequency negative real permittivities that give rise to
strong, visible-frequency DR if the material possesses an IB of
states that lies in close proximity to the edge of the VB."

As can be seen in Figures le and S9, low-Fe and high-Fe
bornite NCs exhibit dramatically different UV—vis—NIR
extinction spectra that depend strongly on the Fe content of
the NC. While low-Fe bornite NCs (<7 atomic % Fe) were
found to exhibit a strong LSPR peak in the NIR, similar to
what has been observed previously in many copper sulfide NC
systems,””~** an additional extinction feature centered at 490
nm, which is not typically observed in copper sulfide NCs, was
also observed. For the high-Fe bornite compositions (above
~9%), the small feature at 490 nm was found to have
significantly increased intensity (Figure le), dominating the
extinction characteristics of the material relative to the NIR
LSPR response observed in the low-Fe bornite NCs.

Notably, absorption features with iron-content-dependent
intensities have been observed in bulk-scale, Fe-doped,
chalcopyrite-phase CuGa$S, and CuAlS, materials.”” These
previous observations, along with the recent demonstration of
quasi-static dielectric resonances in chalcopyrite-phase copper
iron sulfide NCs,'” led us to hypothesize that the strongly iron-
content-dependent optical transition that we observe in
bornite-phase copper iron sulfide may potentially be due to
resonant transitions associated with a set of Fe-related states
near the edge of the bornite VB. As a comparison,
chalcopyrite-phase CuFeS, NCs with analogous sizes were
also synthesized, with the extinction characteristics of bornite
phase, 9.5 atomic % Fe NCs shown overlaid on the
chalcopyrite CuFeS, extinction data (Figure 2). The previously
reported DR is clearly observed in the chalcopyrite sample, at a

E | I B Chalcopyrite (CuFeS,)
3: & |——9.5 At.% Fe bornite
cB S
c
S f
i3]
HB~ 1.
=" 118, |B0 &
— 1B, 1B,
VB N\ 300 900 1500 2100
Wavelength (nm)

Figure 2. Schematic band structure of chalcopyrite-phase copper iron
sulfide showing the optical transitions between states in the VB and
the IB, and comparison of UV—vis—NIR extinction spectra of
stoichiometric chalcopyrite NCs and bornite NCs with 9.5 atomic %
Fe. Spectral artifacts caused by the NIR absorption bands of the
chloroform solvent are marked by asterisks.
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similar frequency to that of the observed 490 nm extinction
peak in the bornite NC samples. Furthermore, two additional
distinguishable absorption features are observed as broad
shoulders in the high-Fe bornite NCs, with peak positions at
about 600 and 1250 nm, respectively (Figure 2). Notably,
these two absorption bands also closely resemble the electronic
transitions from the VB to the IB in chalcopyrite copper iron
sulfide NCs (Figure 2) that were previously reported by
Oguchi et al,* suggesting the existence of two similar sub-
band-gap transitions in the bornite-phase copper iron sulfide
NCs.

To test the hypothesis that the iron-related extinction
feature of bornite in the visible region occurs due to the mid-
gap Fe 3d states located above the VB edge, DFT calculations
were carried out to determine the electronic structure of
bornite-phase copper iron sulfide with different levels of iron
content. Using intermediate-cubic-phase bornite (CusFeS,,
Fm3m; 10 atomic % Fe) as a starting point, as corroborated by
the experimental XRD patterns in Figure 1, the stoichiometry
was systematically altered by gradually replacing tetrahedrally
coordinated Cu atoms with additional Fe. The resulting DOS
for three different stoichiometric bornite phases are shown in
Figure 3. As can be seen from the atomic-projected DOS
curves (Figure 3b), bornite indeed possesses an intense IB of
states dominated by empty Fe 3d orbitals just above the VB.
Moreover, the integrated DOS in the IB is strongly dependent
on the iron content of the material (Figure 3c), agreeing with
the iron-content-dependent intensity of the resonant optical
transition observed at 490 nm in the bornite-phase NCs. Due
to the strong similarities with the computational results of
Gaspari et al,'’ our data suggests that bornite NCs are an
example of an IB semiconductor that exhibits a tunable, iron-
content-dependent quasi-static DR in the visible-frequency
range. Also, we observe that the partial substitution of Cu
atoms in CusFeS, by Fe not only increases the DOS of the IB
but also decreases the gap between the VB and the IB, thus
favoring the occurrence of a quasi-static DR by extending the
range of negative permittivity.10

It is well known that nanoscale binary copper chalcogenides
are prone to oxidation into more thermodynamically stable
phases, and these phase changes are accompanied with changes
in their optical characteristics.””*® Binary copper chalcogenides
become self-doped upon exposure to air, through the well-
established mechanism of Cu atom expulsion,” due to the
high mobility of Cu ions in these lattices.”” However, in a
ternary Cu—Fe—S system like bornite or chalcopyrite, the iron
atoms are in an energetically unfavorable tetrahedral
coordination, which makes lattice expulsion of Fe atoms
upon external influence more likely.”" In fact, very few
naturally occurring minerals are found with Fe atoms in
tetrahedral coordination due to this reason,”’ and likewise, we
found that oxidation of as-synthesized bornite NCs leads to the
expulsion of Fe atoms from the lattice. The resulting variations
in the iron content of the NCs have a large impact on their
spectral characteristics. In case of the high-Fe bornite NCs, the
initially dominant extinction feature at 490 nm decreases in
intensity as the Fe atoms are slowly expelled from the NCs by
exposing them to ambient conditions (Figure 4a), while the
NIR LSPR feature gradually intensifies and eventually
dominates the spectrum. The origin of this LSPR band in
these oxidized NCs is similar to that of binary Cu—S NCs,
where metal vacancies in the NC lattice leave holes behind as
charge compensation. As Fe atoms are expelled from the

https://dx.doi.org/10.1021/acs.chemmater.0c04798
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Figure 3. (a) Crystal structures, (b) atomic-projected DOS, and (c) integrated DOS of Fe 3d in the IB for a series of bornite copper iron sulfides.
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Figure 4. Optical and structural changes of the bornite NCs as a
function of oxidation under ambient conditions. (a, b) high-Fe and (c,
d) low-Fe bornite NCs. Panels a and c show the spectral evolution of
the respective NCs as the oxidation progresses over the course of 2
days. Spectral artifacts caused by the NIR absorption bands of the
chloroform solvent are marked by asterisks. Panels b and d include the
XRD patterns collected for the as-synthesized NCs and the oxidized
NCs after 3 weeks of air exposure.

lattice, the stoichiometry of these NCs approach that of a
nanoscale Cu—S system and further oxidation leads to an
LSPR response due to the increased density of holes in the VB.
This behavior is more apparent in the extinction spectra of
low-Fe bornite NCs (Figure 4c), which exhibit an LSPR band
that gradually intensifies and blue-shifts upon air exposure.
Such a blue shift could conceivably be explained by increased
vacancy formation in bornite NCs upon oxidation, analogous
to what is known to occur in binary copper chalcogenide
NCs.*"*>** This will be discussed in more detail later in the
text. XRD analysis of the NCs before and after these oxidative
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changes suggest that there was a slight shift to higher Bragg
angles for all peaks in the XRD pattern of the low-Fe bornite
sample upon exposure to air for 3 weeks (Figure 4d),
indicating a decrease in the lattice parameter due to the
formation of copper vacancies.”** In contrast, it can clearly be
seen that the lattice parameter of the high-Fe bornite NCs
increases as the material is oxidized (Figure 4b). This increase
in lattice parameter along with the decrease in intensity of the
iron-related extinction feature indicates oxidatively driven
expulsion of iron from the high-Fe bornite NCs.

The oxidation of the bornite NCs is also visually discernible,
as the purple-colored dispersion of these NCs turns green
upon air exposure (Figure Sab). The drastic differences in
visual appearance between the DR-exhibiting, as-synthesized
(Figure Sa) and LSPR-exhibiting, air-oxidized (Figure Sb)
bornite NC samples are immediately apparent, while the
sample stored in an inert-atmosphere glovebox shows very
little change (Figure Sc) even after 45 days of storage.
Likewise, the lattice parameter of the sample stored in the
glovebox remains unchanged, while the lattice parameter of the
sample stored in air increases significantly upon oxidation
(Figure Sd). This clearly demonstrates that the particles are
stable under inert atmosphere and that oxidizing conditions are
necessary to drive the observed spectral evolution.

Further experiments to track the oxidative changes of the
high-Fe bornite NCs were then carried out using elemental
mapping via EDXS, leading to additional direct evidence that
elucidates the role of iron in these systems, as discussed above.
Figure Se,f shows high-angle annular dark-field scanning TEM
(HAADF-STEM) images for as-synthesized and oxidized
bornite NCs, respectively. Apart from the readily discernible
NCs in both images, some additional small granular matter is
also immediately apparent in the oxidized NC sample (Figure
5f; arrows marking the regions of interest). EDXS mapping was
then performed on a subset of the NCs in each sample (the
analyzed regions are encircled by white lines in Figure Se,f) to
establish a spatial distribution of the constituent elements. The
as-synthesized high-Fe bornite NCs exhibit Cu, Fe, and S
evenly distributed throughout the individual NCs (Figure Se).
In contrast, while colocalization of the three elements over the
NCs was still apparent after oxidation, significant leaching of

https://dx.doi.org/10.1021/acs.chemmater.0c04798
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Figure S. Oxidatively driven iron leaching and its influence on the optical signatures of bornite NCs. UV—vis—NIR extinction spectra of high-Fe
bornite NCs: (a) as-synthesized, (b) after exposure to ambient air for 2 days, and (c) stored in a nitrogen-filled glovebox for 4S5 days. Spectral
artifacts caused by the NIR absorption bands of the chloroform solvent are marked by asterisks. Photographs of the corresponding NC dispersions
are included as insets, and the lattice constants of the NCs (as determined by XRD measurements) are included in panel (d). High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) images and elemental mapping of the (e) as-synthesized and (f) oxidized
high-Fe bornite NCs. The presence of iron-rich granular matter in the oxidized NC sample (panel f) is marked by arrows, while the white encircling
lines in both panels demarcate the regions on which EDXS mapping was performed. The corresponding composite and individual elemental
STEM-EDXS maps are included below each panel (e and f).
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Figure 6. Evolution of the extinction spectra of chalcopyrite-phase CuFeS, NCs dispersed in chloroform during the stepwise addition of (a)
Cu(II), (b) Cu(I), and (c) Ce(IV) solutions in methanol. Spectral artifacts caused by the absorption bands of the methanol solvent are marked by
asterisks. (d) Extinction spectra and (e) XRD patterns of chalcopyrite NCs oxidized to different extents by Cu(II) ions. Red, black, and green
curves correspond to the as-synthesized, partially oxidized, and fully oxidized samples, respectively. Database powder XRD patterns for chalcopyrite
CuFeS, (PDF #00-037-0471; red lines), bornite CuFeS, (PDF #98-000-6587; black lines), and digenite Cu,S; (PDF #01-089-2072; green lines)
are included for reference. Representative TEM images of (f) as-synthesized and (g) fully oxidized NCs, with the corresponding photographs of the
NC dispersions included as insets.

iron from the NCs was clearly evident (Figure Sf). The iron concentrations of iron were detected in the supernatant of the
signals in the EDXS maps were clearly more concentrated in oxidized sample (Table S4).
the regions outside of the NCs after oxidation, revealing that The above results demonstrate that the diminished intensity
the granular matter observed in the oxidized samples is of the extinction feature at 490 nm can be attributed to the
predominantly composed of iron. These observations were selective expulsion of iron atoms from the bornite NCs under
further corroborated by elemental analysis using inductively oxidative stress, which leads to changes in the electronic
coupled plasma optical emission spectroscopy (ICP-OES) of structure and dielectric response of the material, thereby
the as-synthesized and oxidized high-Fe bornite NCs. After the altering the optical extinction characteristics. The nature of this
NCs were precipitated using an antisolvent, such that the 490 nm extinction band was further probed by testing its
precipitate and supernatant could be analyzed separately, larger dependence on the refractive index of the surrounding
1826 https://dx.doi.org/10.1021/acs.chemmater.0c04798
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medium. A systematic bathochromic shift of the extinction
peak was observed with increasing solvent refractive index,
providing additional evidence that this pronounced optical
characteristic indeed arises from a Fe 3d IB-related quasi-static
DR (Figure S11), as has been demonstrated in chalcopyrite
CuFeS, NCs."” Computational calculations of the permittivity
of the bornite phases verify that the real part of their
permittivity indeed turns negative in the visible-frequency
range as a consequence of their unique electronic structure
(Figure S12), giving rise to a quasi-static DR in nanoscale
particles (see Section S11 for calculation details)."

Further evidence for the generality of the role of Fe in the
resonant extinction characteristics of ternary Cu—Fe—S NCs
was also demonstrated by inducing similar spectral trans-
formations in chalcopyrite-phase CuFeS, NCs. However, since
chalcopyrite NCs are much less susceptible to ambient
oxidation than the bornite phase, the use of more aggressive
oxidizing agents or added ions was necessary to transform the
spectral characteristics of the chalcopyrite NCs from an intense
visible-frequency DR to an NIR LSPR. The colloidal
chalcopyrite NCs used in these experiments were synthesized
by a modified version of the procedure earlier reported by
Ghosh et al.’ NC purification and subsequent ion additions
were performed in an inert atmosphere to eliminate the effects
of air exposure. Solutions of Cu(II), Cu(I), and Ce(IV) ions in
methanol were added to the chalcopyrite NC solutions in small
increments in screw-capped cuvettes, and the associated
spectral changes were recorded (Figure 6). The aforemen-
tioned transition from an intense DR to an LSPR is
immediately apparent in Figure 6a, where the spectral changes
associated with the progressive addition of Cu(Il) ions are
shown. Since Cu(Il) ions are oxidizing in nature,” the
intensity of the DR at 490 nm diminishes due to the
oxidatively driven expulsion of Fe atoms once again, while the
LSPR centered at 1000 nm subsequently increases in intensity
due to the formation of cation vacancies in the material. On
the other hand, when Cu(I) ions are added to chalcopyrite
NCs (Figure 6b), the DR similarly loses intensity due to the
expulsion of Fe atoms, but subsequently, the LSPR peak
appears briefly and then shifts to longer wavelengths (lower
energy), eventually disappearing as the addition of Cu(I) ions
is continued. This difference in the evolution of the LSPR can
be attributed to the replacement of holes in the NC lattice (left
behind by the exiting Fe atoms) by the incoming copper
atoms, when Cu(I) ions are added.*”*® In the case of Cu(II)
addition described before, the oxidizing nature of CuCl, takes
precedence and gives rise to the vacancy-generated LSPR
signature in the chalcopyrite NCs (Figure 6a). Similar spectral
signatures are also recorded when Ce(IV) ions are added to
the chalcopyrite NCs (Figure 6c), where the DR loses intensity
as Ce(IV) ions are progressively added. However, in this case,
the significantly stronger oxidizing nature of Ce(IV) affects the
NCs adversely as their concentration in solution increases,
eventually leading to complete dissolution of the NCs.

A deeper understanding of the DR in ternary Cu—Fe—S
NCs was gained through analysis of the changes in the optical
and structural properties of chalcopyrite NCs upon progressive
addition of Cu(Il) ions (Figure 6, panels d—f). The spectral
responses for three samples at different stages of oxidation by
Cu(1l) ions are shown in Figure 6d. The as-synthesized (red
curve) NCs exhibit the prominent DR at 490 nm, while the
fully oxidized (green curve) NCs have a distinct LSPR
signature, and the partially oxidized (black curve) NCs display
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spectral responses midway between these extreme cases, i.e.,
both DR and LSPR signatures are evident on the black curve.
These NCs were further analyzed by way of XRD measure-
ments (Figure 6e), and the diffraction pattern of the as-
synthesized NCs matches with that of the bulk chalcopyrite
powder XRD pattern. For the fully oxidized NCs, the
diffraction pattern shows a mixture between the Fe-deficient
bornite Cu—Fe—S phase (CuFeS,) and the Cu-deficient
digenite Cu—S phase (CuoSs). This occurrence of mixed
phases in the oxidized NCs is not a surprise, since natural
digenite always contains a small amount of iron and is
considered to be stable only in the Cu—Fe—S system.”* The Fe
deficiency clearly indicates Fe expulsion from the NC lattice
and was further corroborated using elemental analysis on the
oxidized NCs. These NCs were washed (by adding an
antisolvent like methanol), and the precipitate and supernatant
were carefully collected for ICP-OES measurements. As
demonstrated earlier for the bornite NCs (Figure 5), larger
amounts of iron were detected in the supernatant, while the
precipitate was found to be rich in copper and sulfur,
confirming Fe expulsion from the NC lattice. The oxidation
is also visually discernible, as the color of the NC dispersion
changes from purple (Figure 6f) to green (Figure 6g) upon
oxidation. This controlled oxidation does not affect the
morphology of these NCs, as can be appreciated from the
TEM images in Figure 6f,g, and hence size- and shape-related
factors do not influence the observed spectral changes.

The occurrence of mixed phases (Cu—Fe—S and Cu-S) in
the oxidized NCs clearly explains the observation of both DR
and LSPR in these systems. In fact, this is the reason why the
fully oxidized NCs still show some remnant DR signature at
490 nm for both bornite (Figure S) and chalcopyrite NCs
(Figure 6). One important distinction between the DR and
LSPR signatures can be drawn from the oxidation experiments
of the chalcopyrite NCs described above—while the intensity
of both these spectral signatures were dependent on the level
of oxidation, the position of the DR did not change during
oxidative transformation, whereas the position of the LSPR did
shift. This represents an important insight into the
fundamental distinction between these two spectral pro-
cesses—namely, that the DR in Cu—Fe—S NCs simply arises
due to the unique band structure of the material and not due
to vacancy doping, as is the norm in NCs of binary Cu—S$
phases. The LSPR signature in heavily doped semiconductor
NCs, like that of vacancy-doped Cu—S NCs, is highly
dependent on their charge carrier density.”>>’ Thus, both
the position and intensity of the LSPR band are sensitive to
oxidation and reduction of the NCs.*”***>757 For instance, the
oxidation of copper chalcogenide NCs is expected to result in a
blue-shifted and intensified LSPR band due to the increase in
the concentration of free charge carriers (holes) by the
introduction of copper vacancies,”*>*"*® as is also evident in
this case. However, the peak position of the DR at 490 nm in
the CuFeS, NCs remains unchanged upon oxidation, even
after transformation of the crystal structure from chalcopyrite
to bornite, while its intensity is strongly suppressed. This
result, which is not in accordance with other LSPR studies on
copper chalcogenide NCs,"”*~***” validates that the 490 nm
extinction peak in chalcopyrite NCs is not attributable to
collective oscillations of free charge carriers. It is rather a
consequence of the quasi-static DR arising from an
intermediate Fe d-band, and hence the intensity of this band
decreases as Fe atoms are expelled from the NC lattice.

https://dx.doi.org/10.1021/acs.chemmater.0c04798
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B CONCLUSIONS

In summary, we have described a halide-assisted colloidal hot-
injection synthesis of bornite NCs, which afforded both a
monodisperse size distribution and compositional control, thus
enabling comprehensive investigations into the influence of Fe
content on the electronic structure and optical characteristics
of ternary Cu—Fe—S nanomaterials. The Fe content in these
bornite NCs was varied from 4.1 to 12.5%, giving rise to two
fundamentally different types of resonant excitation, with a
high Fe content inducing a strong quasi-static DR extinction
band centered at 490 nm, and lower-Fe-content bornite NCs
exhibiting a cation-vacancy-induced LSPR signature. More-
over, it was also demonstrated that DRs in these ternary
copper iron sulfide NCs can be modulated through active
manipulation of their Fe content via oxidative methods. The
tunability of the optical responses from DR to LSPR via the
oxidative removal of Fe from the NCs was investigated in
detail, proving that the presence of Fe in these NCs is closely
tied to the occurrence of the IB in their electronic structure
that enables a Frolich resonance condition in the visible-
frequency regime. These investigations entailed close monitor-
ing of NC stoichiometry through elemental analysis and
further confirmation by DFT calculations showing an
associated increase in contribution to the DOS in the IB as
the Fe content was increased, with HAADF-STEM elemental
mapping and XRD measurements confirming that modulation
of the optical response from a visible-frequency DR to a NIR
LSPR can be attributed to the selective oxidation and
expulsion of iron from the material. Interestingly, since both
transitions occur in the visible-NIR region, they are visually
discernible with the 490 nm (2.53 eV) DR inducing a purple
color and the 1000 nm (1.24 eV) LSPR imparting a green
color to the NC dispersion.

A similar set of transformations were observed when
chalcopyrite NCs were subjected to the influence of oxidizing
agents and added ions. While the as-synthesized chalcopyrite
NCs exhibited the intense DR at 490 nm, strongly oxidizing
conditions led to its evolution into a NIR LSPR, yielding
further generality to the notion that the DR observed in
nanoscale Cu—Fe—S systems is primarily due to the presence
of the intermediate Fe d-band, and hence in turn, on the level
of Fe incorporation in the material. The results presented here
on these two Cu—Fe—S NC systems conclusively establish that
the observed DR in these systems is indeed due to their unique
band structure with the Fe IB positioned just above the VB
edge, enabling a negative real permittivity in the visible region.
Overall, this yields a deeper understanding of the optoelec-
tronic characteristics of ternary copper iron sulfide NCs and
demonstrates a pathway for optical modulation in these NCs,
which in turn has ramifications for the development of material
systems with a complex dynamic optical response.

B EXPERIMENTAL SECTION

Materials. Copper(I) chloride (CuCl, 99.995%), Copper(II)
chloride (CuCl,, 97%), iron(IIl) chloride (FeCl;, 97%), sodium
chloride (NaCl, >99.0%), Tetrakis(acetonitrile)copper(I) hexafluor-
ophosphate (TACF, [Cu(CH,;CN),]PF,; 97%), trioctylphosphine
oxide (TOPO, 90%), oleylamine (OAM, >98%), oleic acid (OA,
90%), l-octadecene (ODE, 90%), cerium(IV) ammonium nitrate
(CAN, (NH,),Ce(NO;)s >99.99%), and chloroform (anhydrous,
>99%) were purchased from Sigma-Aldrich. Bis(trimethylsilyl)sulfide
(S(Si(CH3;)3), 95%) and ethanol (anhydrous, 200 proof, >99.5%)
were obtained from Acros Organics. Methanol (Certified ACS) was
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purchased from Fisher Scientific. All chemicals were used as received
without further purification.

Synthesis of Bornite NCs. All synthetic endeavors were carried
out using standard Schlenk line techniques aided by a nitrogen-filled
glovebox. In a typical synthesis, 0.8 mmol of copper(1I) chloride (108
mg) and varying amounts of iron(III) chloride at a specified molar
ratio (1:0.5, 1:0.75, 1:1, and 1:1.25) were mixed with different
amounts of sodium chloride (between 0.6 and 1.8 mmol), 100 mg of
TOPO, 1.2 mL of OAM, 1.2 mL of OA, and 5 mL of ODE in a three-
neck round-bottom flask. The mixture was heated to 100 °C and
degassed under vacuum for 1 h with vigorous stirring. Then, the flask
was heated to 240 °C under a nitrogen atmosphere and maintained at
this temperature for 1 h. Meanwhile, a sulfur precursor solution was
prepared in a glovebox by diluting 275 L of bis(trimethylsilyl)sulfide
with 1.23 mL of ODE. Afterwards, 1.5 mL of the sulfur precursor
solution was rapidly injected into the reaction flask containing the
copper and iron precursors at 240 °C. The reaction temperature
decreased to 225 °C after the injection. The reaction proceeded at
this temperature for 90 s, and then the flask was removed from the
heating mantle to decrease the temperature to 50 °C. To prevent
solidification, 10 mL of anhydrous chloroform was added to the
solution at 50 °C. The NCs were washed by the addition of 7.5 mL of
ethanol, followed by centrifugation at 6000 rpm (4200 RCF) for 10
min. Finally, the NCs were dispersed in 5 mL of anhydrous
chloroform and centrifuged at 1500 rpm (260 RCF) for 1 min to
remove larger particles and byproducts.

Synthesis of Chalcopyrite NCs. This synthesis was performed
using a modified version of the method previously reported by Ghosh
et al.® In a three-neck round-bottom flask, 0.4 mmol of copper(I)
chloride (40 mg) and 0.8 mmol of iron(IIl) chloride (130 mg) were
mixed with 100 mg of TOPO, 1.2 mL of OAM, 1.2 mL of OA, and 5
mL of ODE. The reaction mixture was degassed at 100 °C for 1 h
under vacuum with vigorous stirring. Thereafter, the reaction mixture
was heated to 240 °C under a nitrogen atmosphere. At this
temperature, 225 uL of bis(trimethylsilyl)sulfide in 1 mL of ODE
were rapidly injected into the flask, and the mixture was allowed to
react at 220 °C for 30 min. Subsequently, the flask was cooled to
room temperature by removing the heating mantle, and then 10 mL
of chloroform was added at 50 °C to prevent solidification of the
reaction mixture. The final CuFeS, NCs were purified by adding 9 mL
of ethanol, followed by centrifugation at 6000 rpm (4200 RCF) for 10
min. Finally, the resulting precipitate was dispersed in 5 mL of
chloroform and centrifuged again at 1500 rpm (260 RCF) for 1 min
to isolate any poorly stabilized NCs.

Chemical Modification of the Chalcopyrite CuFeS, NCs.
These experiments involved the preparation of samples in a nitrogen-
filled glovebox and then subsequent measurements of spectra in 3 mL
screw-capped cuvettes. The NCs were carefully handled in this inert
atmosphere to avoid any potential effects of air exposure (nb the
postsynthesis NC purification steps and subsequent ion additions
were all performed inside the glovebox). A typical experiment
involved stepwise addition of oxidizing agents and ions directly to a
cuvette containing 3 mL of CuFeS, NCs dispersed in chloroform,
followed by measurement of extinction spectra after a S min wait time
to let the reaction complete prior to the next addition. The oxidizing
agents (CAN and CuCl,) and ions (Cu(I) complex, TACF) were
prepared at a 0.01 M concentration in methanol and added in 10 uL
increments. Low-volume additions were used to minimize the
antisolvent effect of methanol on the NC solutions and avoid the
effects of aggregation on the recorded spectra.

Computational Details. DFT calculations were carried out using
the Vienna ab initio simulation (VASP) package. Three different Cu—
Fe—S materials of varying Fe concentration (Cu,FeS,, CuyFe;Sg, and
Cu;FeS,) were modeled by taking a supercell approach composed of
eight unit cells in a 2 X 2 X 2 expansion. The lattice constant of the
cubic supercell was set as 10.95 A.>® Norm-conserving pseudopoten-
tials*>** and unrestricted PBE + U°®"%* were used in VASP.**7% A
cutoff energy of 500 eV was used for the plane-wave basis. The atomic
positions were optimized while keeping the lattice constant fixed on a
2 X 2 X 2 Monkhorst-Pack k-point mesh of the Brillouin zone.”” A 6

https://dx.doi.org/10.1021/acs.chemmater.0c04798
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X 6 X 6 k-point mesh was used for a subsequent DOS calculation.
Further details can be found in the Supporting Information.

Transmission Electron Microscopy (TEM) Analysis. Samples
were prepared by dropping 15 uL of a dilute NC dispersion in
chloroform on carbon-coated 200-mesh nickel TEM grids (Electron
Microscopy Sciences). HRTEM, HAADF-STEM imaging, and EDXS
analyses were performed at an accelerating voltage of 200 kV using an
FEI Tecnai G2 F20 TEM equipped with an energy-dispersive X-ray
spectroscopy detector (EDAX Element Silicon Drift Detector).

X-ray Diffraction (XRD) Analysis. Data collection was carried
out using a Bruker D8 Discover diffractometer to determine the
crystal structure of the materials. Samples were prepared by drop-
casting concentrated NC dispersions onto a silicon substrate. XRD
patterns were recorded using a Cu Ka X-ray source operating at SO
kV and 1000 pA.

Steady-State UV—vis—NIR Extinction Spectroscopy. Spectra
of all NC dispersions were measured in a 1 cm path length quartz
cuvette (Spectrocell) using either Varian Cary 60 UV—vis or Varian
Cary 5000 UV—vis—NIR spectrophotometers.

Elemental Analysis. Concentrations of copper, iron, and sulfur
were determined by ICP-OES using a Perkin Elmer Optima 8300.
NCs were digested in aqua regia prepared from ultrapure nitric acid
and hydrochloric acid in a 1:3 volume ratio. Once digestion was
complete overnight, samples were diluted using (18.2 MQ) deionized
water. Calibrations were performed using multielement VII and sulfur
ICP-OES standards obtained from EMD Millipore and Sigma-
Aldrich, respectively.

B ASSOCIATED CONTENT
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