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ABSTRACT: Crystallographic defects are essential to the func-
tional properties of semiconductors, controlling everything from
conductivity to optical properties and catalytic activity. In
nanocrystals, too, defect engineering with extrinsic dopants has
been fruitful. Although intrinsic defects like vacancies can be
equally useful, synthetic strategies for controlling their generation
are comparatively underdeveloped. Here, we show that intrinsic
defect concentration can be tuned during the synthesis of colloidal
metal oxide nanocrystals by the addition of metal salts. Although
not incorporated in the nanocrystals, the metal salts dissociate at
high temperatures, promoting the dissociation of carboxylate
ligands from metal precursors, leading to the introduction of
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oxygen vacancies. For example, the concentration of oxygen vacancies can be controlled up to 9% in indium oxide nanocrystals. This
method is broadly applicable as we demonstrate by generating intrinsic defects in metal oxide nanocrystals of various morphologies

and compositions.

B INTRODUCTION

Point defects control the properties of semiconductors from
conductivity to light absorption and emission. In colloidal
nanocrystals, the incorporation of extrinsic dopant defects
(atomic impurities) has enabled the realization of spectrally
tunable plasmon resonances, long-lived photoluminescence
(PL), and quantum cutting and upconversion.l_4 Synthetic
control over the introduction of intrinsic defects (i.e., vacancies
and interstitials) remains limited but holds great potential for
defect engineering of distinct functionalities.” For example,
oxygen vacancies (Vy), a common type of intrinsic defect in
metal oxides, can generate deep trap states that influence light
absorption and luminescence or boost the sensitivity of
surface-enhanced Raman scattering.é_10 Vo can also act as
molecular adsorption sites, facilitating water splitting or other
catalytic reactions.'”'” They influence ionic conductivity and
electronic properties, including the work function and electron
concentration." >~

Synthetic introduction of extrinsic defects during the growth
of semiconductor nanocrystals has been demonstrated for
various dopants and a wide range of host materials.”'”~'" By
tuning the kinetics of dopant incorporation, control over their
spatial distribution within the nanocrystals has been accom-
plished.”~** These synthetic methods and the unraveling of
their mechanisms have enabled the systematic study and
optimization of wide-ranging dopant-derived properties in
semiconductor nanocrystals.
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In contrast to the development of extrinsic defect engineer-
ing, the synthetic control of intrinsic defects in nanocrystals is
still limited.”>** From the study of bulk metal oxides, the
concentration of oxygen vacancies, [V,], is known to depend
on oxygen partial pressure.”>*® Under low oxygen partial
pressure, the equilibrium is shifted favoring the formation of
Vo, but nanocrystals are grown under kinetic control and
varying oxygen partial pressure during synthesis has not
resulted in the precise tuning of defect-derived properties.
More often, the lack of deliberate synthetic control has led
researchers to regard [V] as an uncontrollable parameter or,
as for cadmium oxide (CdO) nanocrystals, one inextricably
linked to nanocrystal size.”* For this reason, postsynthetic
tuning methods such as treating with hydrogen gas, ultraviolet
irradiation in the presence of sacrificial molecules, or ion
bombardment have been used.”®*”~%° However, besides the
requirement of additional processing, these methods only
affect the near-surface [V ], limiting which properties can be
tuned and to what extent.
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Here, we report a new approach to control intrinsic defect
generation during the synthesis of colloidal metal oxide
nanocrystals. We show that intrinsic defects can be generated
by the addition of spectator metal salts that can be dissociated
at the reaction temperature. Specifically, the addition of
sodium oleate (NaOL) to the oleyl alcohol reaction medium,
followed by the injection of indium carboxylate (In(RCOO);)
precursor, results in a high [Vo] in indium oxide (In,O;)
nanocrystals, turning their color black. We simulated the
coordination environment of the precursor by classical
molecular dynamics (MD) and found that the added salt
enhances the dissociation of RCOO™ from In**. Considering
the metal oxide formation mechanism, we propose that the
resulting RCOO™ deficiency in the precursor is responsible for
Vo generation during crystal growth. By changing the initial
amount of NaOL in the oleyl alcohol, the [Vy] can be
controlled up to 9% in In,O; nanocrystals. We generalize the
results by using potassium oleate (KOL) instead, generating
black In,O; nanocubes, and by synthesizing other defect-
engineered metal oxide nanocrystal compositions, including

iron oxide (y-Fe,05) and CdO.

B RESULTS AND DISCUSSION

Synthesis of Black In,0; Nanocrystals. The continuous
injection method was used because it produces various metal
oxide nanocrystals with control over size, shape, and
incorporation of extrinsic defects.”””"**™** We focused on
In,O; nanocrystals because of their intrinsic defect-driven
properties such as PL and catalytic activity.>”'>**™* In,0,
nanocrystals synthesized by the injection of 7 mmol of
In(RCOO); precursor solution into oleyl alcohol resulted in
pale yellow-colored nanocrystals with 23 nm diameter and a
spherical morphology (Figure 1a). In contrast, the addition of
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Figure 1. Synthesis of black In,O; nanocrystals. SEM and
photographs of (a) In,O; nanocrystals synthesized without the
addition of NaOL and (b) black In,O; nanocrystals synthesized with
NaOL in the reaction flask and precursor solution. Scale bars are 100
nm. (c) XRD patterns and (d) Raman spectra of nanocrystal powders.

NaOL to oleyl alcohol in advance of the injection of the
In(RCOO); precursor resulted in persistent black color from
the beginning of precursor injection through isolation of the
nanocrystals. The yield was reduced from 83 to 68%. Imaged
by scanning electron microscopy (SEM), the 31 nm nano-
crystals had a rhombic dodecahedral shape (Figure 1b). We
previously observed the same morphology when NaOL was
present in the injected precursor solution. However, its color
was light gray and only when including NaOL in the reaction
flask was the black color observed (further discussion below).*"

Despite the color difference, the X-ray diffraction (XRD)
patterns of both yellow and black nanocrystals exactly match
the native In,Oj bixbyite cubic crystal structure (Figure 1lc).
However, while the yellow In,O; nanocrystals show the sharp
signature Raman peaks of the In,O; bixbyite structure, Raman
peaks of the black In,O; nanocrystals were broadened with a
notable shift to lower frequency (Figure 1d). These changes in
the Raman spectrum can be explained by phonon confinement
effects due to either finite size of the nanocrystals or shortening
of the correlation length by the presence of lattice defects.”*™>
Considering that the black In,O; nanocrystals are actually
larger and that phonon confinement effects typically become
significant only when nanocrystals are smaller than 20 lattice
parameters, these Raman changes are attributed to lattice
defects in the black In,O; nanocrystals.”® However, since no
Na incorporation could be detected by energy-dispersive X-ray
spectroscopy (EDS), X-ray photoelectron spectroscopy (XPS),
or inductively coupled plasma mass spectrometry (ICP-MS),
we conclude that intrinsic defects are responsible (Figures S1—
S3). Indeed, the intrinsic defects changed the stoichiometric
ratio between indium and oxygen, which is 1:1.37 in the black
In,O; nanocrystals but close to stoichiometric (1:1.5) in
regular In,O; nanocrystals after removing the ligands (Figure
S1). This excess indium suggests the generation of intrinsic
donor defects, either indium interstitials or V. Thermogravi-
metric analysis (TGA) in air shows a weight increase of around
600 °C for black In,O; suggesting oxygen uptake, while a
continuous weight loss was observed in In,O; nanocrystals in
this temperature range (Figure S4). After this annealing, the
black color was lost, becoming yellow, and the Raman peaks
both sharpened and shifted to higher frequency, all indicating
defect curing. Besides, the lattice oxygen contribution to the O
1s peak in XPS is diminished for the black In,O; nanocrystals,
while there is no change in the indium 3d peak (Figure S2 and
Table S1).° In small nanocrystals, nonstoichiometry is often
related to the composition of the surface. However, since our
nanocrystal size is relatively large, a volume effect is likely to be
mainly responsible for the nonstoichiometry, as discussed
further below.

Optical Characterization. As suggested by the black
color, the intrinsic defects strongly impact the optical
properties of the synthesized In,O; nanocrystals. Analyzing
the absorption spectra, the optical band gap of In,0;
nanocrystals is 3.7 eV, while black In,O; nanocrystals have a
lower band gap of 3.5 eV and an additional absorption tail
stretching across the visible wavelength region (Figure 2a),
which could be due to trap states within the band gap. Further
indicators of trap state formation were found in the PL
response. In In,O; nanocrystals, a consistent, asymmetric PL
peak at 2.7 eV was observed while the excitation energy varied
from S to 3.5 eV (Figure 2b). Considering the 3.7 eV optical
band gap, this PL peak could be from intrinsic trap states since
it was observed even for sub-band-gap 3.5 eV excitation. Black
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Figure 2. Optical response comparison of In,O; and black In,O; nanocrystals. (a) Tauc plot based on UV—vis absorption spectra measured in
films. Dotted straight lines show the estimation of the optical band gaps. (b) PL spectra of In,0; nanocrystals in hexane with different excitation
energies. (c) PL spectra of black In,0; nanocrystals in hexane with different excitation energies. (d) FTIR absorption spectra normalized by the
thickness of nanocrystal films.

Scheme 1. Mechanism of V, Generation Due to the Dissociation of RCOO~ Enhanced by Dissociated NaOL“

a
R

| Na©
(]

(o] n—
/i‘c?}'(\?i’ﬁ A A= Uy b

o)
b
® O
__I — > o—In<
/80/n\08\ * HO—CygH3s /‘\C( Of + R/E\O/Csts
R
R
c
R 2 B
Q/ “OH + HO~ \O —> /O\ + I@ |/
R/"'\'J \DJ\R H H O/(Ln‘o’g

“(a) Dissociation of RCOO™ from In(RCOO); due to the presence of the dissociated NaOL. (b) Esterification reaction between the RCOO™-
deficient In(RCOO); and oleyl alcohol. (c) Condensation of indium hydroxide to form In,O; lattice. RCOO™-deficient moieties become Vg sites
in the In,O; lattice. Highlighted red moieties incorporate in the In,O; lattice.

In,O; nanocrystals also exhibited a primary PL peak at 2.7 eV pressure, we conclude that Vg are the main defect type in the
when excitation energy varied from S to 3.5 eV (Figure 2c). black In,O; nanocrystals, with free electrons and electrons
However, there was an additional broad PL peak whose localized on Vj sites providing charge balance.*”*!

maximum shifted from 2.3 to 2.1 eV for longer excitation Vo Formation Mechanism. The lattice oxygen in In,0O4
wavelength while also gaining intensity relative to the primary nanocrystals is understood to originate from bound RCOO™ in
peak at 2.7 eV. In previous experimental and theoretical studies the precursor complex, so we hypothesized that V5 formation
of In,03, V5 were reported to be responsible for a broad PL is caused by in situ dissociation of the In(RCOO); (Scheme
peak at 2.3 eV, but there is no report about the excitation la). During nanocrystal growth, oleyl alcohol acts as a

L3440

wavelength dependence of the PL. We also observed nucleophile and reacts with In(RCOO); to form an ester

strong free-electron absorption around 1000 cm™ in a film of byproduct, liberating oxygen from the RCOO™ to form the
black In,0; nanocrystals (Figure 2d), consistent with the oxide crystal lattice (Scheme 1b,c).>”** Therefore, we studied
presence of donor defects. Further evidence is found in the the oxygen coordination number (CN) in the In(RCOO);
electron paramagnetic resonance (EPR) spectra. The signal for precursor using classical MD. For the simulation, we modeled
black In,O; nanocrystals is much stronger than that for regular the reaction environment precisely including the stoichiometry
In,O; nanocrystals, with a g-factor of 2.09 indicative of singly of the reagents, temperatures, and molecular structures (Figure
charged V, (Figure $5).%* Considering all of these S6). We assumed that In(RCOO); contains two OL and one
observations and that the formation energy of Vg is lower acetate (ac) and that NaOL is dissociating forming Na* and
than that of an indium interstitial at low oxygen partial OL™ at this temperature, based on previous reports.?’o’“_44
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Our results show that the total CN of oxygen to In** (CNpy,)
without NaOL is 6.10, which is close to ideal stoichiometry
(Table 1). However, the presence of dissociated NaOL

Table 1. Comparison of Oxygen CN in In(RCOO), Based
on Classical MD Simulation”

additives CNrga CNoL CN,.
no NaOL 6.10 (+£0.02) 422 (£0.09)  1.18 (+0.05)
with NaOL 428 (£0.07)  3.62 (+£0.04)  0.66 (+0.07)
with NaOL/no NaOL  0.70 0.86 0.35

“CNg,, represents CN by OL and CN,, indicates CN by ac.

reduced CNry, to 4.28, which implies that ~30% of the
RCOO™ is dissociated from In**. We found that increasing
[NaOL] results in a continuous decrease of CNr (Figure
S7) in the In(RCOO);. In effect, Na* competes with In** for
ionic bonding with RCOOT, favoring additional dissociation in
the higher ionic strength synthetic environment. The presence
of Na* thus effectively lowers the chemical potential of
RCOO™ in the solution, shifting the equilibrium toward
dissociation from the In(RCOO);. According to our
calculations, the dissociation of both OL and ac is more

favorable in the presence of dissociated NaOL but ac is more
likely to be dissociated compared to OL. Experimentally,
compared to In,O; nanocrystals, a 67% reduction of surface
RCOO™ ligand density was observed in black In,0; by TGA
(Figure S4), which supports the dissociation of RCOO™ in the
presence of NaOL. More direct experimental evidence of the
precursor speciation might be pursued in the future by in situ
X-ray scattering or X-ray absorption spectroscopy. Besides,
considering that the color of the solution is black throughout
the precursor injection, during which the continuous growth of
black In,0; nanocrystals was confirmed by taking aliquots, we
believe that Vg are located throughout the whole volume of
the In,O; nanocrystals (Figure S8).

Therefore, we propose that Vi, are generated by the
dissociation of RCOOT, resulting in a RCOO™ deficiency in
the In(RCOO); that becomes kinetically trapped as a lattice
oxygen deficiency during nanocrystal growth (Scheme 1). This
mechanism is similar to the kinetic incorporation mechanism
for extrinsic dopants.'”* Just as long retention of extrinsic
dopants at the surface of nanocrystals during growth increases
dopant incorporation efficiency, we expect that matching the
kinetics between the lifetime of the oxygen-deficient moieties
and the growth of the In,O; nanocrystal lattice is essential to
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Figure 3. [V,] control in In,O; nanocrystals. (a) Picture of the In,O; nanocrystal dispersions synthesized (i) without NaOL addition, (ii) with
19.5 mmol of NaOL in the precursor solution, (iii) with 6.5 mmol of NaOL in oleyl alcohol and 13.0 mmol in the precursor solution, and (iv) with
13.0 mmol of NaOL in oleyl alcohol and 6.5 mmol in the precursor solution. (b) SEM images of resulting nanocrystals and their size distributions.
Scale bars are 100 nm. (c) Raman spectra (inset magnified). (d) Estimated [V,] of In,O; nanocrystal based on the Rietveld refinement of XRD
patterns. Error bars indicate standard deviation.
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Figure 4. Demonstration of intrinsic defect generation in different systems. (a) SEM and powder images of In,O; nanocubes synthesized (i) with
19.5 mmol of KOL in In(RCOO); precursor solution and (ii) with 13.0 mmol of KOL in oleyl alcohol and 6.5 mmol in the precursor solution. (b)
Raman spectra of In,O; nanocrystals. (c) SEM and powder images of y-Fe,O nanocrystals synthesized (i) without the addition of NaOL and (ii)
with 13.0 mmol of NaOL in oleyl alcohol. (d) Raman spectra of y-Fe,0; nanocrystals. (¢) SEM and powder images of CdO synthesized (i) without
the addition of NaOL and (ii) with 0.8 mmol of NaOL in oleyl alcohol. (f) FTIR spectra of CdO films.

form V. Previously, carboxylate salts of group 13 metals were
reported to catalyze copper oxide nanocrystal growth by
reacting with oleyl alcohol.*® However, in our case, there was
no reaction between NaOL and oleyl alcohol even for high
concentration at the reaction temperature.’’ Instead, the singly
charged alkali metal cation favors dissociation due to the weak
ionic bonding with their counteranions, facilitating the
introduction of Vg in the growing In,O; nanocrystals.
Control of [Vp]l. As suggested by the MD simulation
results, we found that the [NaOL] during the reaction could
control the [Vy] in the resulting In,O; nanocrystals. For
reliable analysis, we tried to maintain a consistent size of
nanocrystals to minimize confounding the influence on Raman
spectra and XRD. Because NaOL addition increased nano-
crystal size, the total amount of NaOL added to the reactor
was fixed at 19.5 mmol while also maintaining the ratio
between indium and total OL as 1:6.33. However, the
distribution of NaOL between the oleyl alcohol synthetic
medium and the In(RCOO); precursor solution was varied to
investigate the resulting change in [V] (Figure 3). Because

temperature higher than 200 °C is required to dissociate the
NaOL, we hypothesized that In(RCOO); will not be
dissociated before the injection to the hot oleyl alcohol
synthetic medium even though it is already mixed with
NaOL."™** Regardless of the distribution of the NaOL, these
In,0; nanocrystals were consistently around 31 nm with a
rhombic dodecahedral shape (Figure 3b). However, the color
gradually changed from light gray to black for increasing the
amount of NaOL in oleyl alcohol (Figure 3a). Even though the
color was different, the Raman spectrum of In,O; nanocrystals
synthesized with the addition of NaOL only in the precursor
solution was almost identical to that of nanocrystals
synthesized without any NaOL (Figure 3c), although the
increased intensity of Raman peaks related to V at 329, 366,
and 409 cm ™' suggests at least a small increase in [V,] (Figure
3c(ii)).*” As more of the NaOL is added to the oleyl alcohol,
the Raman peaks shift progressively to lower frequency and
broaden, with increasing intensity of a broad background at 97
cm™'. Especially the mode around 134 cm ™', which is assigned
to the symmetrical stretching of InOg4 octahedra, gradually
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shifts to 128 cm™" (Figure 3c, inset). As we hypothesized, the
concentration of NaOL in the reaction flask, where the
temperature is sufficient to dissociate it, appears to govern the
[Vo] in the resulting nanocrystals. Given that the previously
reported postsynthetic treatment with hydrogen to make black
In,0; led to a shift of the Raman peak from 132 to 130 cm™,
the tunability of [Vy] in our case seems to be wider. To
estimate [V(], the occupation factor of the oxygen site was
analyzed by the Rietveld refinement of XRD patterns (Figures
3d and S9 and Table S2). Similar to the results of Raman
analysis, the [V] without the addition of NaOL and when all
of NaOL was in precursor solution were almost identical at less
than 1% of the oxygen sites. The vacancy population increased
up to 9.3% as NaOL added in oleyl alcohol increased to 13.0
mmol. This estimate was close to that from EDS data (8.7%)
for the same synthetic conditions (Figure S1). All of these
observations imply that the initial [NaOL] in oleyl alcohol
synthetic medium is the decisive factor that affects the [V] in
the lattice.

Demonstration of Generality. Finally, we generalized
this strategy to generate intrinsic defects in different systems.
First, the variation of the spectator metal salt was tested using
KOL instead of NaOL in the synthesis of In,O; nanocrystals
(Figure 4a). Based on our mechanistic understanding, we
hypothesized that KOL could be more effective in introducing
Vo because it can dissociate more easily compared to NaOL
(Figure S10 and Table $3).***® Even when we changed the
spectator salt, though, we observed almost identical results.
When all of 19.5 mmol KOL is included in the In(RCOO),
precursor solution, the color of the nanocrystal powder was
light gray, while the addition of 13.0 mmol of KOL in oleyl
alcohol and 6.5 mmol of KOL in the In(RCOO), precursor
resulted in black In,O; nanocrystal powder. XRD data shows
that they are the same bixbyite structure of In,O;, and no
incorporation of K* into the lattice was found by EDS (Figures
S11 and S12). Due to the presence of K*, however, the shape
of In,O; nanocrystals changed to cubic, as reported in our
previous study.’® This result shows that the nanocrystal shape
can be varied while independently tuning [V] using spectator
metal salts. Raman spectral changes were also almost the same
as when NaOL was added, but the shift of the peak at 130
cm™! was more significant with KOL addition, which is
indicative of more distortion of the lattice by V (Figure 4b).
Next, we tested the effect of NaOL addition on y-Fe,O4
nanocrystal synthesis considering the importance in various
applications and the feasibility of synthesis using the same
continuous injection method.””***** The synthesized y-
Fe,0; nanocrystals made with 7.0 mmol addition of iron
carboxylate precursor but no NaOL added were 22 nm with an
octahedral shape (Figure 4c). The powder was dark brown,
and representative Raman peaks at 346, 493, and 700 cm™
were observed. Including the XRD pattern, these observations
are consistent with previously reported features of y-Fe,O;
(Figure 4d).””* In contrast, the introduction of NaOL in oleyl
alcohol resulted in a darker color close to pitch-black. In
Raman spectra, not only were the relative peak intensities at
346 cm™! and around 493 cm™ reduced but also the location
of the maximum peak intensity in the main broad peak shifted
from 700 to 668 cm™'. These Raman peaks and color are close
to well-known characteristics of Fe;O,, which is indistinguish-
able from y-Fe,O; by XRD (Figure S11).>”* However, given
that the Raman peak near 660 cm™ is expected to be sharp in
pure Fe;O,, the data suggest that the addition of NaOL in oleyl

alcohol resulted in the partial reduction of y-Fe,O; forming a
mixed phase with Fe;0,.* In fact, the ratio of iron to oxygen
increased by 15% when NaOL was added in oleyl alcohol, with
no incorporation of Na evident by EDS analysis (Figure S12).
This reduction of y-Fe,O; nanocrystals is consistent with the
formation of Fe;O, by the reduction of y-Fe,O; reported
previously.””">* We observed more vigorous reduction by the
addition of NaOL in oleyl alcohol during CdO synthesis
following a similar procedure. The CdO obtained without
NaOL is octahedral in shape with crystallite sizes around 500
nm and a reddish brown color (Figure 4e). The introduction
of 0.8 mmol of NaOL in the oleyl alcohol followed by the
injection of the same cadmium precursor solution resulted in
both deformation of particle shape and color change to light
yellow-green. Even though it was a small amount compared to
the amount of NaOL added in both In,0; and y-Fe, O studies,
we found that the addition of NaOL generates a considerable
amount of cadmium metal as a byproduct based on the XRD
pattern (Figure S11). The increased relative amount of
cadmium compared to that of oxygen from EDS also supports
the formation of cadmium metal while no signal of Na was
detected (Figure S12). This observation is consistent with
previous observations that cadmium metal crystals are formed
as a byproduct during CdO nanocrystal synthesis.”* Consid-
ering that V5 can change the oxidation state of the cation in a
metal oxide, the increased amount of cadmium metal can be
driven by a high [V,] generated due to the addition of
NaOL.”” Indeed, cadmium metal was the sole product
detected when we increased the amount of NaOL in oleyl
alcohol to 1.6 mmol (Figure S13). The formation of cadmium
metal crystals increased extinction broadly in the IR region, but
apparently the localized surface plasmon resonance peak from
the remaining CdO was also shifted from 1650 to 2300 cm ™
(Figure 4f). This shift, and the change to a pale color, can be
explained by an increase of free-electron concentration in the
remaining CdO due to an increase in [V].”*

B CONCLUSIONS

We found that intrinsic defects can be deliberately generated
by the addition of spectator salt during the synthesis of metal
oxide nanocrystals. Due to the enhanced dissociation of
carboxylates from metal cations in the precursor complex, the
precursor becomes oxygen-deficient. This deficiency persists in
the crystal lattice where V5 can be formed in different metal
oxide materials, with independent tunability of their concen-
tration and the morphology of the nanocrystals. Although the
equilibrium [V,] in metal oxides can be controlled by
adjusting the partial pressure of oxygen, thus fixing the oxygen
chemical potential,”® the realization of homogeneously
incorporated intrinsic defects is limited by slow diffusion
kinetics in the solid state. Instead, we fix the chemical potential
for RCOO™ in the reaction solution, where a dynamic
equilibrium readily establishes oxygen deficiency in the
precursor complex, which is retained as the oxide crystal
lattice forms. Since a variety of metal RCOO™ complexes and
ionic compounds have been used as precursors for nanocrystal
synthesis, we expect that this principle can apply to a wide
range of metal oxides and potentially other ionic semi-
conductor materials by choosing the right additive spectator
metal salts. Even for the incorporation of extrinsic impurity
defects, the tunable influence of ionic strength on precursor
dissociation may prove a useful tool for controlling reactivity.**
This strategy for intrinsic defect formation provides a new
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synthetic route for understanding and optimizing the catalytic,
optical, and transport properties and tuning the ferroelectric
and magnetic properties of metal oxides and potentially of
recently emerging functional materials including halide perov-
skites, metal-organic frameworks, and topological insulators,
where defects play an important role.”"”

B EXPERIMENTAL SECTION

Materials. Indium(IIT) acetate, (In(ac);, 99.99%), iron(II) acetate
(Fe(ac),, 99.99%), cadmium acetylacetonate (Cd(acac), 99.9%),
oleic acid (OA, 90%, technical grade), 1-octadecene (ODE, 90%,
technical grade), oleyl alcohol (85%, technical grade), and oleylamine
(Olam, 70%, technical grade) were purchased from Sigma-Aldrich and
used as received. Sodium oleate (NaOL, >97%) and potassium oleate
(KOL, >98%) were purchased from TCI America and used without
further purification.

Nanocrystal Synthesis. Preparation of In(RCOO); Precursor
Solution for In,O3; Nanocrystal Synthesis. To synthesize In,0,
nanocrystals, 16 mL of OA (50.7 mmol) and 8 mL of ODE (25.0
mmol) were mixed in a SO mL three-neck flask and heated to 160 °C
with stirring. Then, 2.34 g of In(ac); (8.0 mmol) was introduced. The
final total volume of the prepared precursor solution was 24 mL. The
flask was purged with a flowing nitrogen gas and heated for 1 h,
yielding a transparent yellow solution.

Preparation of Reactor and Injection for In,O; Nanocrystal
Synthesis. Thirteen milliliters of oleyl alcohol (41.2 mmol) was
introduced in a 100 mL three-neck flask and heated to 140 °C under
vacuum for 1 h. Then, this flask was heated to 290 °C under a flowing
nitrogen. Once the In(RCOO); precursor solution was prepared, the
solution was transferred to a 50 mL glass syringe and the syringe was
installed in the syringe pump. After connecting the installed syringe to
the reactor with a 16-gauge steel syringe needle, the injection of
precursor solution was started with an injection rate of 0.2 mL/min
and the injection volume was 21 mL. The final color of the solution is
greenish-yellow. The resulting size of the nanocrystals was 23 nm. To
obtain the 29 nm sized In,O; nanocrystals, 24 mL of the In(RCOO),
precursor solution that contains 8.0 mmol of In(ac);, 11 mL of OA,
and 13 mL of ODE was injected in the same manner.

Preparation of In(RCOO); Precursor Solution for Black In,O;
Nanocrystal Synthesis. For black In,O5 nanocrystal synthesis, 1.98 g
(6.5 mmol) of NaOL and 14 mL of OA (44.4 mmol) were mixed in a
50 mL three-neck flask and heated to 120 °C with stirring. After
forming a homogeneous solution, 8 mL of ODE (25.0 mmol) was
added and the flask was heated to 160 °C. Finally, 2.34 g of In(ac),
(8.0 mmol) was introduced and the final volume of precursor solution
was 24 mL. The flask was purged with a nitrogen gas and heated for 1
h to get a transparent slightly yellow solution.

Preparation of Reactor and Injection for Black In,O; Nano-
crystal Synthesis. Thirteen milliliters of oleyl alcohol (41.2 mmol)
and 3.96 g of NaOL (13.0 mmol) were introduced in a 100 mL three-
neck flask and heated to 140 °C under vacuum for 1 h. Then, this
flask was heated to 290 °C under a flowing nitrogen. Once the
In(RCOO); precursor solution was prepared, the solution was
transferred to a 50 mL glass syringe and the syringe was installed in
the syringe pump. After connecting the installed syringe to the reactor
with a 16-gauge steel syringe needle, the injection of precursor
solution was started with an injection rate of 0.2 mL/min and the
injection volume was 21 mL. The solution color is black throughout
the injection of In(RCOO); precursor solution.

Preparation of Precursor Solution for Maghemite (y-Fe,Os)
Nanocrystal and Reduced Maghemite (y-Fe,O5/Fe;O,) Nanocrystal
Synthesis. Sixteen milliliters of OA (50.7 mmol) and 8 mL of ODE
(25.0 mmol) were mixed in a 50 mL three-neck flask and heated to
160 °C with stirring. Then, 1.39 g of Fe(ac), (8.0 mmol) was
introduced. The flask was purged with a flowing nitrogen gas and
heated for 1 h.

Preparation of Reactor and Injection for Maghemite (y-Fe,Os)
Nanocrystal Synthesis. Thirteen milliliters of oleyl alcohol (41.2
mmol) was introduced in a 100 mL three-neck flask and heated to

140 °C under vacuum for 1 h. Then, this flask was heated to 290 °C
under a flowing nitrogen. When the precursor solution was prepared,
the solution was transferred to a SO mL glass syringe and the syringe
was installed in the syringe pump. After connecting the installed
syringe to the reactor with a 16-gauge steel syringe needle, the
injection of precursor solution was started with an injection rate of 0.2
mL/min and the injection volume was 21 mL.

Preparation of Reactor and Injection for Reduced Maghemite
(y-Fe,05/Fe;0,) Nanocrystal Synthesis. Thirteen milliliters of oleyl
alcohol (41.2 mmol) and 3.96 g of NaOL (13.0 mmol) were
introduced in a 100 mL three-neck flask and heated to 140 °C under
vacuum for 1 h. Then, this flask was heated to 290 °C under a flowing
nitrogen. Once the precursor solution was prepared, the syringe was
installed in the syringe pump. After connecting the installed syringe to
the reactor with a 16-gauge steel syringe needle, the injection of
precursor solution was started with an injection rate of 0.2 mL/min
and the injection volume was 19 mL.

Preparation of Precursor Solution for Cadmium Oxide (CdO)
and Reduced CdO (Cd/CdO) Synthesis. As for some other metal
oxides, the formation of CdO is inhibited when only OA was added to
the precursor solution.’*>* Therefore, we substituted 25% of OA with
oleylamine (Olam) to promote CdO crystal formation. Six milliliters
of OA (19.0 mmol), 2.1 mL of Olam (6.4 mmol), and 4 mL of ODE
(12.5 mmol) were mixed in a 25 mL three-neck flask and heated to
150 °C with stirring. Note that CdO synthesis is inhibited in the
absence of Olam. Then, 1.24 g of Cd(acac), (4.0 mmol) was
introduced. The flask was purged with a flowing nitrogen gas and
heated for 2 h, yielding a transparent pale yellow-colored solution.

Preparation of Reactor and Injection for CdO Synthesis.
Thirteen milliliters of oleyl alcohol (41.2 mmol) was introduced in
a 100 mL three-neck flask and heated to 140 °C under vacuum for 1
h. Then, this flask was heated to 260 °C under a flowing nitrogen.
When the precursor solution was prepared, the solution was
transferred to a SO mL glass syringe and the syringe was installed in
the syringe pump. After connecting the installed syringe to the reactor
with a 16-gauge steel syringe needle, the injection of precursor
solution was started with an injection rate of 0.2 mL/min and the
injection volume was 10 mL.

Preparation of Reactor and Injection for Cd/CdO Crystal
Nanocrystal Synthesis. Thirteen milliliters of oleyl alcohol (41.2
mmol) and 0.24 g of NaOL (0.8 mmol) were introduced in a 100 mL
three-neck flask and heated to 140 °C under vacuum for 1 h. Then,
this flask was heated to 260 °C under a flowing nitrogen. Once the
precursor solution was prepared, the syringe was installed in the
syringe pump. After connecting the installed syringe to the reactor
with a 16-gauge steel syringe needle, the injection of precursor
solution was started with an injection rate of 0.2 mL/min and the
injection volume was 10 mL.

Purification Procedure. After injection of each precursor solution,
the temperature was maintained for 20 min before cooling to room
temperature. After cooling down, 3 mL of hexane and 20 mL of
reagent alcohol, which is primarily ethanol, were introduced to
flocculate the solid contents. Then, the mixture was centrifuged at
5000 rpm for S min. After dispersing nanocrystals in 20 mL of hexane,
20 mL of methanol was introduced to remove the residual NaOL.
After gently shaking, this solution was centrifuged at 5000 rpm. Even
though methanol does not mix with hexane, the phase-separated
mixture was effective as a washing solvent since the produced
nanocrystals can anyway be flocculated under centrifugation at 5000
rpm, which we attribute to the low surface density of ligands and their
large size. This step was repeated more than three times. Next,
nanocrystals were dispersed in 10 mL of hexane and precipitated with
the addition of 2 mL of ethanol. After gently agitating, this mixture
was centrifuged again at 4000 rpm. After repeating one more cycle of
washing steps with hexane and ethanol, the nanocrystals were finally
dispersed in hexane.
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