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ABSTRACT

Cu2ZnSnSs (CZTS) is a promising quaternary material for solar energy
conversion and catalysis, but until recently, synthesis of phase pure, anisotropic CZTS
nanocrystals remained a challenge. In this thesis, we demonstrate control over the
morphology and composition of CZTS nanorods, controlled doping of CZTS nanorods
with several transition metal cations, and we extend the synthetic method to ternary
sulfide nanocrystals.

We begin by showing that the initial concentration of cationic precursors has a
dramatic effect on the morphology and composition of hexagonal wurtzite CZTS
nanorods. Our experiments strongly indicate that Cu(CsH70O2)2 is the most reactive of the
metal precursors used, Zn(CH3CO2)2 is next, and Sn(CHsCO2)a4 is the least reactive. Using
this reactivity series, we are able to purposely fine-tune the morphology (dots vs. rods),
composition, and degree of axial phase segregation of CZTS nanocrystals.

Next, we dope divalent, high spin transition metal ions (M?* = Mn?*, Co?*, Ni?*)
into the tetrahedral Zn?* sites of wurtzite CZTS nanorods. The resulting CuzMxZn1-xSnSa
(CMTS) nanocrystals retain the hexagonal crystalline structure, elongated morphology,
and broad visible light absorption profile of the undoped CZTS nanorods. The nanorods
doped with Mn?* and Co?* are EPR active, with spectra which are representative of the
literature reports for these transition metals. EPR also shows that washing the
nanocrystals with trioctylphosphine oxide (TOPO) is an efficient way to remove excess
Mn?* jons from the particle surface. XPS and FTIR show that CuMnxZnixSnSa

nanocrystals aggregate not through dichalcogenide bonds, but through excess metal ions
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viii
crosslinking the sulfur-rich surfaces of neighboring particles. This was also observed in
the ternary sulfide (thiospinel) nanocrystals.

In addition to CZTS and CMTS, we extend our synthetic method to synthesize
ternary metal sulfides, namely thiospinel and pyrite phase nanocrystals. Due to their
application in a variety of energy and catalysis fields, thiospinels and pyrites have
attracted attention in recent years. Typically, these materials are synthesized in bulk, with
high temperature methods and low surface areas, making them less than ideal for many
applications. In this report we use low temperature, solvothermal methods to synthesize
nanocrystalline, ternary thiospinels. The nanocrystals have a variety of morphologies,
including spheres and nanorods, and show a broad absorbance in the visible range. This is
the first time several of the materials are reported in nano sizes. We also report on the
attempted synthesis of pyrite nanocrystals.

The results of this work will improve our ability to fabricate CZTS and related
nanostructures for photovoltaics and photocatalysis. In addition, these results may help
expand the synthetic applicability of CZTS and CMTS materials beyond photovoltaics
and into the fields of spintronics and magnetic data storage. Synthesizing nano-scale
thiospinels and pyrites may have a direct impact on the catalysis and energy fields as

well.
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CHAPTER |

INTRODUCTION

General Introduction

This thesis describes the synthesis and characterization of ternary and quaternary
metallic and semiconducting nanocrystals. This work reports progress toward phase-pure
Cu2ZnSnSs4 nanorods, with an emphasis on the metal precursor reactivity and how it
relates to the composition gradients of the product. These nanorods are then doped with
different tetrahedral, high spin, transition metal cations and characterized. In addition,
this thesis presents work toward synthesizing materials related to CZTS: ternary metal
sulfides in thiospinel and pyrite structures.

Semiconductor nanocrystals

Nanoparticles are, very generally, particles with dimensions between 1 and 100
nanometers. This work will discuss, more specifically, semiconducting nanocrystals.
These materials are nano-sized light-emitting crystalline materials which exhibit exciting
optical and electronic properties, such as carrier multiplication, spectral diffusion, and
single-particle blinking.!

In a semiconductor, there is an energy gap between the occupied valence band of
the material and the unoccupied conduction band. The band gap is the energy which is
required to promote an electron from the valence band into the conduction band. When
the material absorbs a photon with energy that is greater than the band gap, the electron is

promoted to the conduction band, leaving a positively charged hole behind in the valence
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band. This electron-hole pair is called an exciton. An electric field may be applied to
move the electron and hole, creating current.?

Semiconductor nanocrystals have long been recognized as ideal materials for
optoelectronic devices, solar energy harvesting and conversion, and molecular and
cellular imaging.'® They are typically fabricated as layers of thin films on substrates or as
colloidal suspensions in solution form. Solution phase synthesis has been optimized to
provide control over size, morphology, and monodispersity. The particles synthesized in
solution typically have a capping layer on the surface comprised of organic surfactants.
These semiconducting nanocrystals are heavily utilized due to their size and composition-
tunable band gaps, which can vary between 0.3 eV and 4.1 eV (300-4000 nm), broad
absorption, long-lived excitons, and good solubility.*®

Nanorods are one type of nanocrystalline morphology, with aspect ratios higher
than one (spheres), but typically less than five. Their morphology lies between that of
guantum dots and nano-wires, with increased solubility over nanowires, leading to
increased utility in solution phase catalysis. Semiconductor nanorods are of particular
interest due to their ability to generate multiple excitons (electron hole-pairs).”® Multiple
exciton generation can lead to exciting results, such as optical amplification,
improvements in efficiencies of solar cells, lasing, and non-linear optics.

Although many colloidal reactions favor the formation of spheres
(thermodynamically favored), nanorods can be produced by carefully controlling
precursor loading (concentration). In addition, various organic and inorganic surfactants
can be used to control growth of certain crystal facets to produce anisotropic

nanocrystals.®!° This thesis modifies a reported method of synthesizing nanorods through
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a combination of thiols as surface ligands to control morphology.!* This work also
explores the precursor reactivity and loading as methods for controlling the morphology
and composition of the nanocrystals.
Doped semiconductor nanocrystals

Doping is the purposeful and controlled incorporation of impurities into a
material. The doping of transition metals into bulk and nanocrystalline semiconductors is
a field which has been explored for numerous years.'>*®* When a system is doped with a
new species, the properties of that system may be drastically altered and new/improved
applications can be anticipated. A general guideline for substitutional doping (replacing
an existing ion within the crystal lattice) is that the ionic radius of the dopant should be
within 10% of the ionic radius of the ion it will substitute. In addition, the lattice
parameter(s) should be reasonably close (within 15%). If both of these conditions are
met, there is a reasonable chance that the doping will be successful.

In nanocrystalline materials, one of the most commonly used dopants has been
manganese, since it has been shown to incorporate easily into other systems and can be
doped in high quantities. Reports have demonstrated that manganese can be doped into a
variety of systems, including CdS(Se) and ZnS(Se).3* There are also many reports on
doping semiconductor nanocrystals with rare-earth metals, such as ytterbium and
europium to enhance photon upconversion.® Many systems utilize transition metal
cations, since their unpaired d and f electrons can lead to interesting and desirable
magnetic properties. Some other common transition metal dopants in nanocrystals have

included nickel, cobalt, copper, titanium, and molybdenum.*>-8
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Cu2ZnSnS,

In recent years, Cu2ZnSnSs (CZTS) has garnered attention for its potential
optoelectronic applications, such as solar energy harvesting and photocatalysis.'®?? This
quaternary, l>—l1-1IV-VI14 semiconductor is promising for solar conversion and
photocatalysis applications due to its direct band gap of around 1.5 eV, which
corresponds to 826 nm, which means that CZTS can absorb most of the solar spectrum.?
The material has a high absorption coefficient and high carrier concentrations, similar to
CulnxGaixSe2 (CIGS, to which CZTS is often compared). CZTS is also desirable because
the component materials have a lower toxicity compared with other popular photovoltaic
materials, such as the cadmium, arsenic, and indium utilized in CIS (CulnSe2) and CIGS
devices. In addition, copper, zinc, tin and sulfur are all relatively inexpensive and widely
abundant materials, with concentrations in the Earth’s crust of: Cu — 50 ppm, Zn — 75
ppm, Sn— 2.2 ppm, S — 260 ppm.?°

CZTS is known to crystallize in three different structures: kesterite (14), stannite
(142m), or wurtzite (P6smc). The kesterite phase of CZTS is derived from the CIGS
structure through isoelectronic substitution of zinc and tin in place of indium or gallium,
and is the most stable of the three structures.?* In the kesterite and stannite structures,
which are similar to zinc blende, the metal cations are located in tetrahedral bonding
positions which are known and fixed. The difference between the kesterite and stannite
structures is the layering, shown in Figure 1. In the stannite unit cell, there are distinct
layers of copper cations and layers of zinc cations, but never both in the same layer.
However, in the kesterite structure, there are still copper cation layers, but there are also

layers which contain both zinc and copper cations. In contrast to the order in kesterite and
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stannite, in the wurtzite phase the metal cation sites are mixed and the positions of the

zinc, copper, and tin are random.?

kesterite stannite wurtzite

Figur_e 1. Three most common crystal structures of Cu2ZnSnSa: kesterite, stannite and
wurtzite.

While there are many potential applications for the material, synthesis of phase-
pure CZTS nanocrystals has been a challenge. While phase pure CZTS can be achieved,
the phase diagram shows that it can only be formed in a very small region, which makes
the synthesis difficult, and impurity phases, such as the binary metal sulfides, in the final
product are common.?* These phases can be difficult to distinguish by powder x-ray
diffraction (PXRD), so more in-depth characterization techniques are often needed. This
thesis demonstrates the synthesis of CZTS nanorods with control over the composition
and morphology by manipulating the precursor loadings of the metal cations.

Recent studies have shown the utility of CZTS nanocrystals and thin films as the

solar absorbing layer in photovoltaic devices. In 2014, a solar cell made using CZTS was
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reported to have an efficiency of 12.6%, which is nearly half-way to their maximum
theoretical efficiency of 31%.%627 Along with solar cells, CZTS and CZTS-
heterostructures have been shown to be valuable for photocatalysis. There have been
several reports demonstrating that CZTS and CZTS heterostructures are
photocatalytically active for hydrogen evolution reactions.?%%°

Ternary metal sulfide nanocrystals

Due to their application in a variety of energy and catalysis fields, thiospinels and
pyrites have attracted attention in recent years. Thiospinel materials have been utilized as
supercapacitors, anodes in batteries, and catalysts.>>3® Pyrites have applications in
photovoltaics, thermoelectrics, spin-tronics, and catalysis.>**" Typically, these materials
are synthesized in bulk, using high temperature methods and producting products with
low surface areas.

Their low surface areas make these bulk materials less than ideal for applications,
but there are very few reports available demonstrating synthesis of these materials in
nano sizes. A typical thiospinel has the formula AB2X4, while pyrites have the formula
AXz. The unit cells are shown in Figure 2 (CuCoSa represents the pyrite structure, and
CuCo2S4 represents the thiospinel). This thesis reports on the synthesis of several ternary
thiospinels for the first time in nano size, as well as several attempted synthesis routes to

make ternary pyrite nanocrystals.
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thiospinel

Figure 2. Pyrite and thiospinel unit cells.

Thesis Organization

Chapter 2 of this thesis describes the synthesis and characterization of phase pure,
anisotropic Cu2ZnSnSa nanocrystals. This chapter demonstrates that the initial precursor
loading of the metal cations has a dramatic effect on the morphology and composition of
the resulting nanocrystals. This reactivity is manipulated to control the composition
gradients which are typically found in CZTS nanorods, as well as to control the overall
composition and morphology of the nanocrystals. The reactivity of the metal salts is
determined to decrease from Cu(CsH702)2> Zn(CH3CO2)2 > Sn(CH3COz)4.

Chapter 3 extends the synthesis of CZTS nanorods to include CZTS nanorods
doped with tetrahedral, high spin, transition metal cations. The cations chosen are Co?*,
Ni2* and Mn?*. Several methods of characterization confirm the presence of the transition
metal dopants, while EPR is used to distinguish between surface and internally doped

nanocrystals. A TOPO wash is used to remove manganese ions on the surface of the
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nanocrystals. A thiol wash is also utilized and a hypothesis is given for why the wash
decreases the aggregation found in the nanocrystals.

Chapter 4 discusses structures that are related to CZTS; ternary metal sulfides
(thiospinels and pyrites). These materials have not been extensively explored in nano-
size, but have been shown to be useful materials in the bulk. This chapter presents the
successful synthesis of several thiospinels, and their subsequent characterization. The
attempted synthesis of several ternary pyrites is also reported. Chapter 5 summarizes the
previous chapters and future outlook of this work.
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CHAPTER 2
AXIAL COMPOSITION GRADIENTS AND PHASE SEGREGATION
REGULATE THE ASPECT RATIO OF Cu2ZNSNSs NANORODS
Reprinted with permission from The Journal of Physical Chemistry Letters, 2013, 4,
3918-3923
Copyright © 2013
American Chemical Society
Michelle J. Thompson, T. Purnima A. Ruberu, Kyle J. Blakeney, Karen V. Torres,

Patrick S. Dilsaver, Javier Vela

Abstract

Cu2ZnSnSs (CZTS) is a promising material for solar energy conversion, but
synthesis of phase pure, anisotropic CZTS nanocrystals remains a challenge. We
demonstrate that the initial concentration (loading) of cationic precursors has a dramatic
effect on the morphology (aspect ratio) and composition (internal architecture) of
hexagonal wurtzite CZTS nanorods. Our experiments strongly indicate that Cu(CsH70O2)2
is the most reactive of the metal salt precursors, Zn(CH3COz)2 is the next most reactive,
and Sn(CHsCO2)4 is the least reactive of the three. Using this reactivity series, we are
able to purposely fine-tune the morphology (dots vs. rods) and degree of axial phase
segregation of CZTS nanocrystals. These results will improve our ability to fabricate

CZTS nanostructures for photovoltaics and photocatalysis.
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Introduction

Cu2ZnSnSa or “CZTS” is one of the most promising materials for solar energy
harvesting.1354  Made of highly abundant, widely distributed and relatively
biocompatible elements, and with a direct band gap of 1.5 eV, CZTS has emerged as an
affordable, greener and more sustainable alternative to other semiconductors such as
GaAs, CdTe, CulnSz (CIS), or CulnxGaixSez2 (CIGS). Different groups reported the
synthesis of low dimensionality, nanosized versions of CZTS,*>-%" but this is not without
challenges. In particular, methods capable of producing anisotropic CZTS nanostructures
are lacking. Anisotropy is desirable for applications that rely on efficient charge carrier
mobility across grain boundaries, as well as on the ability to suppress electron-hole pair
recombination, such as in photovoltaic cells and photocatalytic devices.*383°
Results and discussion

In our search for cadmium-free nanomaterials suitable for solar to chemical
energy conversion, we were attracted to a report on the synthesis of CZTS nanorods.*’
Modified slightly, this method uses the hot injection of 1-dodecylthiol (1-DDT, 0.52
mmol) and tert-dodecylthiol (t-DDT, 3.7 mmol) to a mixture of Cu(CsHz02)2 (0.50
mmol), Zn(CH3COz2)2¢2H20 (0.25 mmol), Sn(CH3CO2)4 (0.25 mmol), trioctylphosphine
oxide (TOPO, 1.75 mmol) and 1-octadecene (ODE, 5 mL) under Ar at 120 °C, followed
by heating to 210 °C for 30 min. This procedure typically yields CZTS nanorods with a
mean length of 23.7 + 4.1 nm, a mean diameter of 7.3 = 1.4 nm, and a length-to-diameter
‘aspect’ ratio of 3.3 + 0.8. (Figure 1-A and Table 1-A). Unfortunately, simply repeating

this procedure using different injection (nucleation) temperatures or reaction (growth)
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times, a common way to affect the anisotropy of chalcogenide nanocrystals,***' did not
affect the nanorods' original aspect ratio (see Supporting Information).

We hypothesized that the reason behind the apparent lack of ‘plasticity’ of CZTS
nanorods might lie within their multi-element composition. First-principles studies
showed this quaternary phase is stable only within a very small domain of chemical
potentials.*>” Slight deviations from optimal growth conditions result in spontaneous
formation of undesired phases such as ZnS, SnS, SnSz, CuS, and Cu2SnSs rather than the
desired CZTS phase. Critically, the first method of choice for distinguishing between
possible nanocrystalline phases, powder X-ray diffraction (XRD), is of limited use here
because CZTS and common impurities such as ZnS adopt very similar hexagonal
wurtzite crystal structures (Figure 2) (Notes: CZTS's other well-known structure,
tetragonal kesterite, was not observed here; Neutron diffraction can provide better phase
resolution but is less available).***> Nevertheless, energy-dispersive X-ray spectroscopy
(EDX) line scans on several nanorods prepared by the aforementioned procedure
consistently showed marked axial composition gradients. Specifically, the amount of
copper increased and the amount of zinc decreased from one side of the nanorods to the

other (Figure 3).
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Figure 1. TEM of Cu2ZnSnSs (CZTS) particle size and morphology as a function of
precursor loading: (A) CZTS nanorods made with a stoichiometric (2:1:1) ratio of Cu, Zn
and Sn,*” (b) one third the amount of Cu, (C) three times the amount of Cu, (D) one third
the amount of Zn, and (E) three times the amount of Zn (>100 particles measured).
(Stoichiometric conditions: 48 mM Cu(CsH7O2)2 24 mM Zn(CHsCOz)2, and 24 mM
Sn(CHs3COz2)4 in TOPO-ODE, 0.4 M 1-DDT/t-DDT, 120 °C injection, 210 °C growth for
30 min)

Table 1. Effect of precursor loading on the synthesis of CZTS nanorods.?

. Length/  Diameter/  Aspect EDX
Loading nm nm ratio C:ZT:S XRD Phase(s)
Stoich.2 23.7+41 73x14 3.3+0.8 3:1:1:4 CZTS(w)
Cu/3 333+6.7 61+1.1 55+15 5:2:1:9 CZTS(w)
3xCu - 58+05  dots 7:0.1:0.1:2 g:;;zs” CuaiSiet
Zn/3 11.8+2.7 59+09 2.0+0.6 0.2:1:0.01:1 ZnS+

- 9.3+0.7 dots 4:1:0:1 Cu31S1e

3xZn - 58+£05 dots 9:3:1:4 ZnS/CZTS(w)

a[Cu]r =48 mM, [Zn]r = 24 mM, [Sn]r = 24 mM, [S]T = 0.40 M (see text).

We recently observed similar behavior in ternary CdSixSex nanorods (0 < x <
1).4041 After careful study, we learned that axial composition gradients could be
purposely induced or suppressed by fine-tuning the loading and/or reactivity of chemical

precursors.?®*3 Mismatched reactivities lead to sequential nucleation of phases and axial

(-
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nucleation and more complete alloying.** We conjectured that the same principles could
apply here to CZTS nanorods, because preferential precursor reactivity would explain the
observed axial composition gradients (Figure 3). However, the observation of opposing
copper-rich and zinc-rich tips alone was not enough to discern which cationic precursor
(copper, zinc, or tin) was more or less reactive or which metal sulfide nucleated first. To
sort out these differences, we purposely increased or decreased the loading
(concentration) of the different cationic precursors in the original synthesis while keeping

all other conditions constant (Table 1).

lJ 1 1 CZTS/ZnS

20 40 60 80
20 Degrees

Figure 2. XRD patterns of hexagonal (wurtzite) CZTS/ZnS, common impurities, and
nanocrystals synthesized using different amounts of copper, zinc and tin precursors. (A)
CZTS rods, (B) Cu/3, (C) Zn/3, (D) 3xCu, (E) 3%xZn.
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Figure 3. EDX line scans on individual CZTS nanorods made with a stoichiometric
(2:1:1) mixture of cationic precursors (48 mM Cu(CsH702)2, 24 mM Zn(CH3COz2)2, and
24 mM Sn(CH3CO2)4) show copper content increases and zinc content decreases from
one end of the nanorods to the other (left to right here). Dotted lines correspond to the
theoretical CZTS composition (25 atom% Cu, 12.5 atom% Zn and Sn each, and 50
atom% S).

The preparation we originally used employs stoichiometric (2:1:1) amounts of
three cationic precursors (Table 1A).Y” Using only one third of the original amount of
copper ('Cu/3', 0.17 mmol) resulted in the formation of much more elongated CZTS
nanorods having a mean length of 33.3 = 6.7 nm, a mean diameter of 6.1 £ 1.1 nm, and
an aspect ratio of 5.5 = 1.5 (Figures 1B and 2B, Table 1B). This constitutes an increase of

41% in length and 67% in aspect ratio upon slashing the copper loading to one third. In

contrast, using three times the original amount of copper ('3xCu’, 1.50 mmol) resulted in
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the formation of copper-rich dots (aspect ratio ~ 1) having a mean diameter of 5.8 £ 0.5
nm (Figures 1C and 2C, Table 1C).

The type and initial concentration (loading) of copper precursor are known to
have an effect on the shape of CuS and CulnSez nanocrystals.*’*8 In our case, the fact that
CZTS aspect ratio is so dependent on copper loading, along with the afore-mentioned
axial composition gradient, strongly indicate that the copper precursor is more reactive
than the zinc and tin precursors. Selectivity for anisotropic growth and formation of
composition gradients are closely related phenomena that result from sequential
nucleation events.*! We interpret these results as follows: During a typical CZTS nanorod
prep, the most reactive (copper) precursor quickly reacts (with 1-DDT/t-DDT) to
homogeneously nucleate copper sulfide seeds; the less reactive zinc and tin precursors
subsequently react to heterogeneously nucleate zinc, tin (and leftover copper) sulfide
along the unique c(z) axis of existing hexagonal wurtzite seeds, resulting in anisotropic
growth (elongation). This series of events yields CZTS nanorods with composition

gradients.
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Figure 4. EDX line scans on individual CZTS nanorods made with only one third of the
original copper loading (‘Cu/3") show that the content of each metal remains fairly
constant from one side of the nanorods to the other. Dotted lines correspond to the
theoretical CZTS composition (25 atom% Cu, 12.5 atom% Zn and Sn each, and 50
atom% S).

In comparison to the stoichiometric experiment, a lower initial concentration of
copper leads to a decrease in the rate of nucleation of copper sulfide. Slower
homogeneous nucleation produces less seeds; it also leaves more precursors in solution to
grow longer rods.** The three metal precursors can then heterogeneously nucleate at more
comparable rates, producing longer CZTS nanorods with smaller composition gradients.
Indeed, EDX line scans on the copper 'starved’, 'Cu/3' nanorods consistently revealed
much less pronounced composition gradients (Figure 4). On the contrary, a higher initial
concentration of copper leads to a further increase in the rate of nucleation of copper

sulfide. At its most extreme, nucleation is so fast and produces so many seeds that it

quickly results in CZTS nanocrystals with spherical morphology (Figure 1C).
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In contrast to the copper loading-dependent behavior, changing the zinc or tin
loading does not directly affect the nanorods' aspect ratio. For example, using only one
third of the original amount of zinc ('Zn/3', 0.08 mmol) resulted in a mixture of two
different types of particles with rod (11.8 £ 3 nm length, 5.9 + 0.9 nm diameter, 2.0 £ 0.6
aspect ratio) and dot-like morphologies (9.3 + 0.7 nm diameter) (Figures 1D and 2D,
Table 1D). EDX elemental mapping, in combination with ensemble XRD measurements
showed that the rod-like particles are Zn-rich (mostly ZnS with some copper and tin),
whereas the dot-like particles are Cu-rich (CusiSis with some Zn) (Figure 5a and 5b).
Clearly, 'starving' the reaction of zinc precursor causes almost complete phase
segregation (Figure 5). In turn, using three times the original amount of zinc ('3xZn’, 0.75
mmol) resulted in the formation of CZTS dots having a mean diameter of 5.8 + 0.5 nm
(Figures 1E and 2E, Table 1E).

We also sought to confirm the above results by performing time evolution
experiments. Briefly, aliquots were taken out of the reaction mixture during the synthesis
of CZTS nanorods and analyzed by optical spectroscopy, TEM and EDX. Using a
stoichiometric mixture of cationic precursors, the nanocrystals C:Z:T:S composition was
2:0.04:0.02:1 after 5 min and 2:1:0.2:4 after 30 min (Table 2). Thus, only after the full 30
min reaction time were zinc and tin incorporated into the particles, which is supported by
previous observations on thin films.>*® Similarly, using one third of the copper loading
('Cu/3"), the nanocrystals C:Z:T:S composition was 2:1:0.06:4 after 5 min and 3:4:1:5
after 30 min reaction (Table 2 and Figure 6). In addition, the nanorods' aspect ratio nearly
doubled from 5.2 + 1.1 after 5 min to 3.0 + 1.3 after 30 min. The biggest contribution was

a change in nanorod length from 16.3 + 6 nm after 5 min to 32.2nm £ 7nm after 30 min.
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Nanorod diameters remained statistically similar at 5.5 + 0.5 nm after 5 min and 6.2 nm +
0.7 nm after 30 min (Figure 6). Thus, time evolution experiments confirmed that: (1) The
reactivity order of the cationic precursors used here (and with it, the rate of nucleation of
their binary sulfides) decreases in the order Cu(CsH70O2)2 (most reactive) > Zn(CH3COz2)2
> Sn(CHsCO2)4 (least reactive); (2) decreasing the loading of the most reactive (copper)
precursor increases the nanorods' aspect ratio by lowering the rate of nucleation of seed
particles; and (3) nanorods continue to elongate over time (5-30 min) via heterogeneous

nucleation on existing seeds.

Table 2. Evolution of CZTS nanorod composition over time.?

% Atom
Loading time/min Cu Zn Sn S
Stoichiometric 5 60+2 1.0+09 1.0x1.0 38=+1
30 29+1 13+x1 2006 561
5 31+3 15+x2 1010 532

Cu/3 30 24+1 31+1 7.0x04 38.0+0.3
[Cu]r = 48 mM, [Zn]r = 24 mM, [Sn]r =24 mM, [S]r = 0.40 M (see text).
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Figure 5. EDX elemental mapping (left) and line scans (right) on samples made with one
third of the zinc loading ('Zn/3") show rods are zinc-rich and dots are copper-rich. Dotted
lines correspond to the theoretical CZTS composition (25 atom% Cu, 12.5 atom% Zn and
Sn each, and 50 atom% S).
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Figure 6. Time evolution of CZTS nanorods made with a 2/3:1:1 Cu:Zn:Sn cationic
precursor ratio ('Cu/3' conditions above): TEM images of CZTS nanorods after 5 min
(top) and 30 min (middle). EDX composition (bottom left) and aspect ratio (bottom right)
as the reaction progresses. Dotted lines correspond to the theoretical CZTS composition
(25 atom% Cu, 12.5 atom% Zn and Sn each, and 50 atom% S).
Conclusions

In summary, we have demonstrated that wurtzite CZTS nanorods synthesized
using stoichiometric amounts of commercially available cationic precursors contain
marked composition gradients along their axes. These hexagonal CZTS nanorods are
characterized by a copper-rich end, an opposite zinc-rich end, and low tin content
throughout. Non-stoichiometric syntheses, in which we varied the loading of the cationic
precursors, along with time evolution experiments showed the that the reactivity of the

three cationic precursors and relative rate of nucleation of the corresponding metal

(CsH702)2 (most reactive) > Zn(CH3CO2)2 > Sn(CH3CO2)4 (least
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reactive). Under stoichiometric conditions, these reactivity differences lead to sequential
nucleation events and axial composition gradients: Seeds made of copper sulfides quickly
form first by homogeneous nucleation, followed by heterogeneous (epitaxial) nucleation
of zinc and tin sulfides.

Decreasing the loading of the most reactive (copper) precursor increases the
nanorods' aspect ratio by lowering the rate of nucleation of copper sulfides. This allows
the three metal precursors to nucleate at more comparable rates, producing significantly
longer CZTS nanorods with a more constant elemental composition along their axis. In
contrast, increasing the loading of copper precursor, or changing the loading of zinc or tin
precursors either leads to low aspect ratio (dots) and/or phase segregated nanocrystals.
Thus, we have shown that cationic precursor loading predictably affects the morphology
(dots vs. rods) and degree of axial phase segregation of anisotropic CZTS nanocrystals.
These discoveries will improve our ability to fabricate CZTS nanostructures for
photovoltaics and photocatalysis. More generally, they will aid our understanding of -and
ability to control- phase segregation in complex compound semiconductors such as
quaternary CZTS.
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Appendix of supporting information

Materials: Copper (I1) acetylacetonate (99.99%), 1-dodecanethiol (98+%), tert-
dodecylmercaptan (98.5%) and trioctylphosphine oxide (TOPO) (99%) were purchased
from Sigma Aldrich; zinc (Il) acetate dihydrate (98+%) from Strem Chemicals; tin (1V)
acetate (98%) from Alfa Aesar; and 1-Octadecene ( 90%) from Acros. Materials were
used as received.

Synthesis: CZTS nanorods were made by a modified literature procedure. In a
typical synthesis, 0.5mmol copper (II) acetylacetonate, 0.25 mmol zinc (Il) acetate
dihydrate, 0.25 mmol tin (V) acetate, and 1.75 mmol trioctylphosphine oxide (TOPO)
were mixed with 5 mL of 1-ODE in a three-neck, round bottom flask and evacuated at
room temperature for 30 min. The solution was then heated to 120°C, where a mixture of
0.52 mmol 1- DDT and 3.72 mmol t-DDT was quickly injected. The reaction mixture
was then heated to 210°C for 30 min with continuous stirring. The solution was allowed
to cool to 80°C, at which point, 1.5 mL anhydrous toluene was injected to quench the
reaction. The nanorods were washed several times with a mixture of acetonitrile, ethanol,
and methanol, and centrifuged at 5000 RPM for 8 minutes, yielding a dark brown/black
product. The loading of precursor metals was varied by 1/3 or 3x molar amounts based
on the original CZTS synthesis.

Structural Characterization: X-Ray Diffraction. Powder X-ray diffraction
(XRD) data were measured using Cu KR radiation on a Rigaku Ultima 1V diffractometer.
Transmission Electron Microscopy. Transmission electron microscopy (TEM) was
conducted on carbon-coated nickel grids using a FEI Technai G2F20 field emission
scanning transmission electron microscope (STEM) at 200 kV (point-to-point resolution

<0.25 nm, line-to-line resolution <0.10 nm). Nanorods' elemental axial composition was
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characterized by energy-dispersive x-ray spectroscopy (EDX) line scans in STEM mode.
Particle analysis. Dimensions were measured manually using ImageJ. Size
measurements and particle statistics were obtained for >100 particles. Average sizes are
reported along + 1 standard deviation.

Optical Characterization: Absorption spectra were measured with a photodiode
array Agilent 8453 UV-Vis-NIR spectrophotometer. Solvent absorption was subtracted

from all spectra.

Scheme S1. General synthesis route for formation of CZTS nanorods.

TOPO, ODE / Ar

Cu(acac), + Sn(OAc), + Zn(OAc), (D) 120 °C » CZTS nanorods
1-dodecanethiol + tert dodecylthiol
(2) 210 °C, 30 min (unbalanced)
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Figure S1. Changing reactions conditions to optimize CZTS synthesis.
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Sample Cu Zn Sn S
CZTS Avg. Atom% 32+1 11+1 12+1 45+2
Avg. Ratio 3 1 1 4
Cu/3 Avg. Atom% 28 +3 12+3 6+2 54+2
Avg. Ratio 5 2 1 9
3xCu Avg. Atom% 772 1+1 1£04 21+04
Avg. Ratio 57 1 | 16
Zn/3 Rods Avg. Atom% 10+2 56+4 1+2 33+2
Avg. Ratio 0.2 1 0.01 1
Zn/3 Dots  Avg. Atom% 70+3 19+3 0 11+04
Avg. Ratio 4 1 0 1
3xZn Avg. Atom% 52+ 1 19+1 6+1 24+ 1
Avg. Ratio 9 3 1 4
Sn/3 Avg. Atom%  59+0.8 8+0.4 303 30+03
Avg. Ratio 20 3 | 10
3xSn Avg. Atom% 2804 1603 15+03 41+02
Avg. Ratio 2 1 1 3

Table S1. EDX average atom% and ratios for CZTS with varying precursor loadings.
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Figure S2. Synthesis of CZTS nanorods with 1/6xCu precursor loading.
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Figure S3. Dark field TEM images of EDX line scans of sample with Cu/3 precursor
loading.

Cu/3 CZTS Nanorods
u 5 min Diameter (nm)
CZTS Rods: Stoich. Prep .

B 30 min

Diameter (nm)

) Aspect Ratio (5 min): -

30 min 30+1 H 30 min Length (nm))|
i e m 5 min

5 min Aspect Ratio (30 min):

521

L I A G RN

¥ oY Al A ? 7
™ © A % LERRG AN - o p g S N R ¢
i ‘;09:7‘:)9,‘" AN e Moy vy e

%W 4 G o’ AN AT G @
” ® Average Length (5 min): 16.3+ 6 nm
Average Diameter (5 min): 5.5 + 0.5 nm
Average Length (30 min): 32.2 + 7 nm

Average Diameter (30 min): 6.2 + 0.7 nm

Average Diameter (5 min): 4.6 £ 0.3 nm
Average Diameter (30 min): 7.2 £ 0.9 nm

Figure S4. Time evolution studies using TEM dimensions on stoichiometric and Cu/3
nanorod syntheses. Showed nanorods grow longer and wider over time.
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Figure S5. Characterization of 3xSn precursor loading. PXRD (top) shows wurtzite
pattern and SnSz impurity. TEM (bottom) shows nanorod morphology.
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Figure S7. Solution phase optical absorption spectra of CZTS with different precursor
loadings.
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Figure S8. Characterization of sample with Cu/6, Zn/2 and tin precursor loading, TEM
(upper), PXRD (lower left) and UV-Visible solution phase absorbance (lower right).
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CHAPTER 3
CuU2ZNSNS4s NANORODS DOPED WITH TETRAHEDRAL, HIGH SPIN
TRANSITION METAL IONS: MN?*, Co?*, AND Ni2*
Reprinted with permission from Chemistry of Materials, 2016, 28, 1668-1677
Copyright © 2015
American Chemical Society

Michelle J. Thompson, Kyle J. Blakeney, Sarah D. Cady, Malinda D. Reichert,

Joselyn Del Pilar-Albaladejo, Seth T. White, Javier Vela

Abstract

Because of its useful optoelectronic properties and the relative abundance of its
elemental components, the quaternary semiconductor Cu2ZnSnSs (CZTS) has garnered
considerable interest in recent years. In this work, we dope divalent, high spin transition
metal ions (M?* = Mn?*, Co?", Ni?") into the tetrahedral Zn?* sites of wurtzite CZTS
nanorods. The resulting Cu2MxZn1xSnS4 (CMTS) nanocrystals retain the hexagonal
crystalline structure, elongated morphology, and broad visible light absorption profile of
the undoped CZTS nanorods. Electron paramagnetic resonance (EPR), X-ray
photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) spectroscopy
help corroborate the composition and local ion environment of the doped nanocrystals.
EPR shows that, similarly to MnxCdi-xSe, washing Cu2MnxZn1-xSnS4 nanocrystals with
trioctylphosphine oxide (TOPO) is an efficient way to remove excess Mn?* ions from the
particle surface. XPS and FTIR of as isolated and thiol-washed samples show that, in

contrast to binary chalcogenides, Cu2MnxZni1xSnS4 nanocrystals aggregate not through
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dichalcogenide bonds, but through excess metal ions crosslinking the sulfur-rich surfaces
of neighboring particles. Our results may help in expanding the synthetic applicability of
CZTS and CMTS materials beyond photovoltaics and into the fields of spintronics and
magnetic data storage.

Introduction

Colloidal semiconductor nanocrystals have garnered great interest due to their
potential applications in solar energy harvesting, light-emitting devices, and as optical
probes for imaging and tracking.>? Among semiconductor materials, Cu2ZnSnSs (CZTS)
and, potentially also transition metal-doped CuzMxZn1xSnSs (M = Mn?*, Co?*, Ni?"), are
promising for solar cell applications due to their direct band gap of ~1.5 eV, large
absorption coefficient, and abundantly distributed and relatively biocompatible
elements. 3/

Incorporating transition metals into semiconductors is a burgeoning field of
research. Doped semiconductor nanocrystals have been heavily studied for energy
transfer and sensing, magnetic and optoelectronic devices, and data storage.'?8-22 Some
of the most explored metal-doped nanoscale semiconductors include Mn?*-doped ME
nanocrystal quantum dots (M = Zn, Cd; E = S or Se),?*? nanoribbons,?> and CdS/ZnS
core-shells.?® Beyond manganese(ll), there has been a focused effort to dope different
transition metal ions into a variety of semiconductors, including Ni?* into ZnE, Co?* or
Ni2* into ZnO, Co?" into TiO2, and Co?" into CdE (E = S or Se).2"®

Similar to these systems, incorporating tetrahedrally coordinated, high spin, first
row transition metal ions into the CZTS lattice could lead to new magnetically- and

optically—active earth abundant materials with potential applications in the field of
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information technology, specifically in spintronics and magnetic data storage.®¢?’
However, in contrast to doped I1-VI materials, there are few reports on doping Mn?*,
Co?*, or Ni?* into the CZTS lattice. These reports focused mainly on optical properties of
the fully (rather than the partially) substituted “CMTS” materials, such as Cu2CoSnSs,**
1538 Cu2MnSNnS4,* 40 and Cuz2NiSnSa nanocrystals. 181741

Building on the controllable synthesis of colloidal semiconductor nanocrystals,**
47 we and others recently manipulated the composition and morphology of CZTS
nanorods by adjusting the relative reactivity of the molecular precursors used.*®0 We
also utilized this method to synthesize photocatalytic CZTS-Au heterostructures.>! Here,
we use this platform to dope first-row, transition metal ions into Cu2MxZni1-xSnSa4
nanorods (M = Mn?*, Co?*, Ni?").

Experimental

Materials. Copper(ll) acetylacetonate (99.99%), 1-dodecanethiol (98+%), tert-
dodecylthiol (98.5%), nickel(ll) acetate tetrahydrate (99+%), cobalt(ll) tetrahydrate
(99+%) and trioctylphosphine oxide (TOPO) (99%) were purchased from Sigma Aldrich;
zinc(Il) acetate dihydrate (98+%), and manganese(ll) acetate tetrahydrate (99+%) from
Strem Chemicals; tin(1V) acetate (98%) from Alfa Aesar; and 1-octadecene (ODE) (90%)
from Acros. All materials were used as received.

Synthesis. CZTS nanorods were made by a modified literature procedure.*®°2In a
typical synthesis, copper(ll) acetylacetonate (0.5 mmol), zinc(ll) acetate dihydrate and/or
dopant ion precursor (manganese(ll) acetate tetrahydrate, nickel(ll) acetate tetrahydrate,
cobalt(l1) tetrahydrate) (0.25 mmol), tin(IV) acetate (0.25 mmol), and TOPO (1.75 mmol)

were mixed with ODE (5 mL) in a three-neck, round bottom flask and evacuated at room
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temperature for 30 min. The flask was heated to 120 °C, and a mixture of 1-
dodecanethiol (0.52 mmol) and tert-dodecylthiol (3.72 mmol) quickly injected. After
additional heating to 210 °C for 30 min with continuous stirring, the solution was allowed
to cool to 80 °C, and anhydrous toluene (1.5 mL) added. Brown/black colored solids
(nanocrystals) were isolated by repeated precipitation with a mixture of acetonitrile,
ethanol and methanol, and centrifugation at 5000 rpm for 8 min, followed by re-
dissolution in toluene. TOPO Wash. To remove excess manganese ions from the surface
of the nanocrystals, we employed a trioctylphosphine oxide (TOPO) ‘wash’.>** Briefly,
we added a small amount of TOPO to the nanoparticles, sonicated the mixture for 10
minutes, and then washed again twice with methanol and ethanol. Thiol Wash. In order to
reduce nanoparticle aggregation, we employed a wash using excess thiols. Briefly,
approximately 0.4 mL of a 1:7 mixture of 1-dodecanethiol and tert-dodecylthiol was
added to approximately 5 mL of particles (half to one whole batch) dispersed in toluene.
After sonication for 1 h, the particles were washed once with ethanol and methanol and
centrifuged at 5000 rpm for 8 min.

Characterization. Powder X-ray diffraction (XRD) were measured using Cu Ka
radiation on a Rigaku Ultima IV diffractometer. A standard pattern of wurtzite
(hexagonal) ZnS was used in lieu of that of wurtzite CZTS (unknown). Transmission
Electron Microscopy (TEM) was conducted on carbon-coated nickel or gold grids using a
FEI Tecnai G2F20 field emission scanning transmission electron microscope (STEM) at
200 kV (point-to-point resolution <0.25 nm, line-to-line resolution <0.10 nm). The
nanorods' axial elemental composition was characterized using energy-dispersive

spectroscopy (EDX) line scans in STEM mode. Atom% values were determined by
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averaging five EDX scans of representative areas within each sample. Particle sizes
(dimensions) and statistics (>100 particles) were measured manually using ImageJ.
Average sizes are reported with £ 1 standard deviations. Electron Paramagnetic
Resonance (EPR) spectra were measured using an ELEXYS E580 EPR Spectrometer
(Bruker BioSpin) equipped with an SHQE resonator and an Oxford ESR900 cryostat.
The samples were dispersed in toluene, placed in a 4 mm quartz tube, and frozen in liquid
N2 prior to insertion into the cryostat. Low temperature spectra were measured at 10 K.
Typical spectra were acquired with a sweep width of 5000 G, 2048 points, 8 G amplitude
modulation and 1.986 mW microwave power. Simulations were performed in the
computational package EasySpin, which runs on the Matlab platform, using the ‘pepper’
function. Although the full spin Hamiltonian employed in the EasySpin simulations
contains six terms, only three are used in our simulations: the Electron Zeeman
interaction (EZI), Zero-Field interaction (ZFI), and Nuclear Zeeman interaction (NZI),

shown below:®®

H= Z[Hﬁzr(’:) + ﬁzm(i)] + Z Hyz ()
i %

X-ray photoelectron spectroscopy (XPS) was measured with a Physical
Electronics 5500 Multitechnique system using a standard Al Ka source. Analysis spot
size was 1x1 mm and the sample was mounted on 2-sided tape (3M). Binding energies
were referenced to the C 1s peak at 285.0 eV. Optical absorption spectra were measured
with a photodiode array Agilent 8453 UV-Vis-NIR spectrophotometer. Solvent absorption

was subtracted from all spectra. Tauc plots were generated by calculating (afiv)? because
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CZTS has a direct band gap. The band gap was estimated by extropolating the most linear
portion of the graph.”>® Diffuse reflectance spectra of solid films were measured with a
SL1 Tungsten Halogen lamp (vis-IR), a SL3 Deuterium Lamp (UV), and a BLACK-
Comet C-SR-100 Spectrometer. Samples were prepared by drop-casting toluene solutions
onto glass. Fourier Transform Infrared Spectroscopy (FTIR) spectra (4000-400 cm™)
were measured in KBr pellet form and ambient temperature using a Bruker Tensor 37
Fourier transform infrared spectrophotometer.
Results and discussion

Literature reports show that fully substituted (“parent”) Cu2MSnSs (CMTS)
compounds normally adopt either the kesterite (12) or stannite (122m) crystal structure (M
= Zn?*, Mn?*, Co?*, Ni?").>1%13 The metal ion positions in these structures, their magnetic
interactions, and M-M distances, have been characterized and reported in previous
magnetism studies.®® Partially substituting (doping) Cu2MxZn1xSnSs nanorods (M =
Mn?*, Co?*, Ni%") with a wurtzite crystal structure (P6smc) could lead to additional and
interesting magnetic properties.'®>” Simple considerations predict that doping and even
complete solid solutions are possible over the whole CuzMxZn1-xSnS4 composition range
(0 <x <1). Across these series, available lattice parameters differ little, by less than 1%,
as do ionic radii for the four-coordinate Zn?*, Mn?*, Co?* and Ni?*, by less than 10%

(Table 1).58
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Table 1. Structural Parameters of CZTS and Transition Metal Substituted (CMTYS)
Materials.

Lattice Parameters Relative Lattice
(structure)? Mismatch (parent str.)
a=5.435A, 0
CuZnSnS:  c=10.843 A 2%’
(kesterite)>° '

Compound M?*  M? Radius?

Zn**  0.74 A (+0%)

a=5.4093 A +0%

ZnS (zinc blende)®® (z.b)

a=3.8140 A,
c=6.2576 A
(wurtzite)®?

+0%
(w.)

a=5514, .
CwMnSnS: ¢ =10.789 A -0.5%

k) Mn?*  0.80 A (+8%)
(kesterite)®? '

a=3.843 A,
c=6.331A
(wurtzite)*®

+1.2%
(w.)

a=5.402 A, o
CusCoSnSs  c=10.805A  0:4%

Co* 0.72 A (-3%
(stannite)®® (k/s.) e

: a=5.425A +0.3% 4 o
Cu2NiSnSs (zinc blende)®® (zb) Ni 0.69 A (-7%)

L attice parameters determined from Powder Diffraction Files (PDF); CZTS: 26-575,
CMnNTS: 51-575 CCoTS: 26-513, CNiTS: 26-552, ZnS (z.b.): 5-566, ZnS(w.): 36-1450.
No PDF file was available for wurtzite Cu2MnSnSs. PShannon's crystal radii (ref. 58).

General Synthesis. Our general synthesis of Cu2MxZn1-xSnSs4 nanorods is shown
in Scheme 1.*8 Briefly, a 1:7 mixture of 1-dodecanethiol and tert-dodecylthiol was
injected to a dispersion of the metal precursor salts in an ODE-TOPO mixture at 120 °C,
causing an immediate color change from blue to green; subsequent heating to 210 °C
turned the solution dark brown or black, which is consistent with the measured band gap
values of 1.3-1.6 eV and 775-950 nm (Figure 1 and Supporting Information available).
First principles calculations have shown that the valence band in wurtzite and kesterite
CZTS mainly consists of sulfur p and copper d orbitals, while the conduction band

consists of sulfur s and p, and tin p orbitals.5*®° It is reasonable to expect that doping with
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a transition metal may alter the band gap somewhat by adding metal d orbitals, as is

observed experimentally.*316:%

Scheme 1.

TOPO, ODE/AL (7 \f ps,
(1) 120 °C,

1-dodecanethiol +

tert-dodecylthiol

M = Zn, Mn, Co, Ni (2) 210 °C, 30 min (unbalanced)

Cu(acac), + Sn(OAc), + M(OAc),

+ Mn mCo ® Ni

0.0 2.0 4.0 6.0 8.0 10.0 12.0
%atom M
Figure 1. Effect of doping level on the observed absorption onset (band gap obtained

from tauc plot, see Supporting Information) (a) and aspect ratio (b) of CuzMxZn1xSnSa
(M = Mn, Co, Ni) nanocrystals.
Mn?*-Doped CZTS Nanorods. Powder X-ray diffraction (XRD) shows that

Cu2MnxZn1xSnSs nanocrystals have the same wurtzite (hexagonal) structure as the

undoped CZTS nanorods (Figure 2).8 The anisotropic, elongated (1D) nature of the
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nanocrystals is evident from the different peak widths of the diffractions corresponding to
the 100 (broad, diameter dimension) and 002 (narrow, axial direction) lattice planes
(Table 2).% Transmission electron microscopy (TEM) confirms the elongated, 1D
morphology of the nanorods (Figure 3). From the XRD and TEM data, Mn-doping
appears to have a small but consistent lowering effect on the aspect ratio of the
nanocrystals (Figure 1); the changing single crystalline domain “size” across different
directions is reflected in the broadening and narrowing of different peaks in the powder
XRD patterns (for example, Figure 2).°® EDX data indicate that it may be possible to
substitute manganese into copper sites, in addition to the zinc sites, as judged by the
highest observed manganese value of 18 atom%, compared to a theoretical limit of 12.5

atom% for the zinc sites, only.

NV\ /\ A ~——CMnTS

YA AN A A ~—18 atom% Mn
10 atom% Mn

/ "\ - N A A —8 atom% Mn

NV\ A AN A —6 atom% Mn
J/\\,J\,/\j\s/\—.w —3 atom% Mn
,_J‘A/\\__A..._/\JL/&...__.. —czTS

€88 s 2% §
1' l :‘] l 1 :il ~ —Zns
il g 3
, | T P— —Cu,MnSnS,
20 40 60

20 Degrees

Figure 2. Powder XRD patterns of hexagonal (wurtzite) Cu2MnxZn1-xSnSa nanocrystals.
Relevant standard patterns are included for comparison. Doping levels are atom% Mn
from EDX (see Experimental), with CMnTS having a nominal value of 12.5%.
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Table 2. Composition and morphology of Cu;MxZn1.4SnS4 hanocrystals (M = Mn, Co, Ni).

XRD TEM
[Dopant] Compositional L D AR L D AR
(atom%)? assignment (nm) (nm) (nm) (nm)
3.3+£0.1% Mn  CusMno2Zne7sSnSs 132 64 21 17+5 58+0.38 29+0.1
6.3+0.6% Mn  CusMnosZnoseSnSs 146 6.4 23 14+2 7+1 2.00 £ 0.05
6.0 £0.3% Mn Cuz2Mng48Znos2SnSs 6.6 54 12 132 9+1 1.44 +0.03
8.0 £0.3% Mn CuaMng e4ZNg36SNS4 4.4 3.6 1.2 6+1 4.4 +0.7 1.36 £0.02
10.4 £0.4% Mn  CuMnggsZno17SnS, 54 52 11 9%2 51 1.80 £ 0.04
18.4 £ 0.9% Mn Cu1.53Mn1.47SNS4 67 63 11 10%2 7+1 1.43+0.03
14+0.1% Co  CuC0011ZnogeSnSs 124 6.8 18 19+5 59+09 32%02
3.8+£0.2% Co  CuzCoo30ZngSnSs 128 68 19 19+6 6.1+09 3.1+0.2
46+0.7% Co  CuxCo0037ZngesSnSs  14.6 8 1.8 26+8 7+1 3.7+£0.3
79+03%Co  CuxCooesZnos;SnSs 108 76 14 16+3 7+1 2.29 £0.07
10.8+£0.3% Co Cu,C00gZNn0014SNSs 100 50 2.0 14+2 61 2.33+0.05
13+ 2% Co Cu,CoSnS, 53 51 11 21+4 7+1 3.0£0.1
0.7 £ 0.3% Ni CuzNigosZnogaSNSs 95 44 22 15+4 40+07 3.8x0.2
3.1+ 0.8% Ni CuzNig2sZno7sSnS,s 108 73 15 17+5 55+07 3.1+0.2
5+ 1% Ni Cu2Nig38ZNg.62SNS4 7.6 6.4 12 11+2 50+£08 2.20%0.05
8+ 2% Ni CuzNige2ZnossSnSs 158 35 45 13+3 47+08 2.77+0.09
9.0£0.9% Ni  CuNig72Zno26SnS, 164 38 43 14+3 48+07 292+0.09
12 + 1% Ni CuzNiSnS, 62 47 13 8+2 53+08 151+0.03

4Average of five EDX area scans.
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Figure 3. Representative TEM images of CuzMxZn1-xSnS4 nanocrystals with M = Mn (a),
Co (b), and Ni before (c) and after (d) thiol washing (to decrease aggregation, see
experimental). Doping levels are atom% values determined from EDX (see
Experimental); CMnTS, CCoTS, CNiTS have a nominal doping level of 12.5% M.
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EPR Characterization and Effect of TOPO Washing. To characterize the presence
of magnetic ion dopants within the nanocrystalline CZTS lattice, we employed electron
paramagnetic resonance (EPR) spectroscopy. To remove excess manganese ions from the
surface of the nanocrystals, we employed the TOPO (trioctylphosphine oxide) washing
method (see Experimental and scheme S2).53%* After this TOPO wash, the EPR spectra
were smoother and more consistent from sample to sample. Removal of excess Mn?* is
known to reduce spin-spin interactions between neighboring magnetic ions. In our case,
this improvement is best seen in the EPR of the 3 atom% Mn sample, where the
hyperfine splitting becomes discernable only after the surface manganese ions have been
removed (Figure 4). By analogy to other well-studied nanocrystal host lattices such as
CdSe, this result indicates that the remaining manganese signal is coming from Mn?* ions
within the doped CZTS crystal lattice.

EPR measurements at 10 K show that the CuzMno.26Zno.74SnS4 nanorods, with the
lowest manganese concentration we studied (3 atom% Mn), exhibit the typical six peak
spectrum consistent with tetrahedral, high spin Mn?*, a 3d° ion with S = 5/2.57-"* EasySpin
simulation of this sample's EPR spectrum yields a hyperfine splitting of A = 68x10** cm™,
g = 2.0055, and a zero field splitting parameter of D = 31x10* cm™ (see Supporting
Information). These values are similar to those found in previous reports of internal Mn?*
in tetrahedral sites.?369.7375.78-80 N hyperfine splitting was observed at room temperature,
likely because EPR sensitivity of most transition metals increases by lowering the
temperature.®’

XPS measurements were utilized to determine the oxidation states of the

materials, shown in Figure 8. The Cu 2p12 and 2ps2 peaks at 952.0 eV and 932.2 eV are
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indicative of Cu(l) with a splitting of 19.9 eV (see below and Supporting Information).8
The Mn 2p12 and 2ps2 peaks at 653.9 eV and 642.3 eV have a splitting of 11.6 eV,
indicative of Mn(I1).** Sn 3dz2 and 3ds2 peaks for tin(1V), at 494.9 eV and 486.5 eV
show a splitting of 8.4 eV.82 The S 2p peak at 162.5 eV is consistent with literature

reports of the sulfur 2p peak in sulfide phases.®

=—CMnTS
/p ~—TOPO Washed
~——18 atom% Mn
% ——TOPO Washed
10 atom% Mn

& ~——TOPO Washed

8 atom% Mn

k —TOPO Washed
/v ——6 atom% Mn
‘//\\\/\r\/\/' —TOPO Washed

3 atom% Mn

~——TOPO Washed

2500 3000 3500 4000
Field (Gauss)

Figure 4. EPR spectra of Cu2MnxZn1xSnS4 nanocrystals in toluene at 10 K. Doping
levels are atom% Mn from EDX (see Experimental), with CMnTS having a nominal
value of 12.5%.

Co?*-Doped CZTS Nanorods. Powder XRD shows that the Cu2CoxZni1-xSnSa
nanocrystals also adopt the wurtzite crystal structure (Figure 5). Only the sample
containing 11 atom% Co appears to contain a small amount of the ternary cubic impurity

CuCo2S4 (reference pattern is shown in Figure 5). Both XRD (from the broad 100 vs.

narrow 002 diffractions) and TEM show that these nanocrystals are elongated (Table 2
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and Figure 3b). Unlike the Mn case above, Co doping does not systematically affect the

aspect ratio of the nanorods (Figure 1).

M\_&__ —CCoTS
o’ M A el Rt ] —11 atom% Co

8 atom% Co

—MLJ‘—/\J‘—M—- —5 atom% Co

M A —4 atom% Co

ﬂ A —1 atom% Co
—CZTS

Lll T —2nS
1. " —Cu,CoSns,
§ 8 8 B 3

— | | | P | | N —C|.,|Cc:;254

20 30 40 50 60 70
20 Degrees

Figure 5. Powder XRD patterns of hexagonal (wurtzite) Cu2CoxZn1-xSnS4 nanocrystals.
Relevant standard patterns, along with that of a possible impurity, CuCo2Ss (PDF #42-
1450), are included for comparison. Doping levels are atom% Co from EDX (see
Experimental), with CCoTS having a nominal value of 12.5%.

To characterize the presence of magnetic cobalt dopant ions within the
Cu2CoxZn1-xSnSa nanocrystals, we employed X-band EPR measurements at 10 K (Figure
6). The analysis was performed at low temperature because, due to fast spin-lattice
relaxation, high spin Co(ll) is only active at temperatures less than 20 K.2* The EPR
spectra show a feature at ~1240 Gauss which is associated with a high spin Co?* signal &>
8 This signal corresponds to a spin of S = 3/2, due to 3 unpaired electrons (3d’). The

cobalt signal is broad due to dipole-dipole coupling, so no hyperfine structure is observed

(broad signals are typical for high spin cobalt systems).®® However, by simulating this
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Co?* portion of the CCoTS spectra we calculate a g value of 4.3. This high g value agrees
well with related literature reports (see Supporting Information).92-> Based on the g value
of 4.3, we can estimate the value of E/D to be ~0.02 (unitless).8%%6-98

The signal at ~3400 G is due to Cu?" defects, with g = gy = 2.26 and gx,
Oy = g1 = 2.025, Ax, Ay = A1 =16x10* cm™ and A; = A = 133x10* cm™* (see Supporting
Information). These values are similar to those in previous reports for Cu?* spectra,%-10!
We believe that the resolution differences are due to changes in concentration of the Cu?*
impurity in each sample. This Cu?" signal has been seen before in kesterite CZTS
nanocrystals, and indicates that there may be a mixture of Cu* and Cu?* defects in our

Samplesl57,100,102

/\  tots
‘/\ 1 atom% co

8 atom% Co

—/,-\V -5 atom% Co
/\_— —4 atom% Co

—1 atom% Co
500 1000 1500 2000
Field (Gauss)

Figure 6. EPR spectra of Cu2CoxZni1xSnSs nanocrystals in toluene at 10 K. Doping
levels are atom% Co from EDX (see Experimental), with CCoTS having a nominal value
of 12.5%.
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To confirm the oxidation states of the metals and sulfur in the cobalt doped CZTS
nanocrystals, we employed X-ray photoelectron spectroscopy (XPS), as shown in Figure
7. Cu 2p12 and 2ps32 peaks at 951.9 eV and 932.1 eV are indicative of Cu(l) with a
splitting of 19.8 eV.8! Co 2p12 and 2pas2 peaks at 794.0 eV and 778.6 eV are indicative of
Co(I1) with a splitting of 15.3 eV.1% Sn 3ds/2 and 3ds/2 peaks for Sn(1V), at 494.6 eV and
486.3 eV show a splitting of 8.4 eV.%2 The peak at 162.4 eV is consistent with literature

reports of the sulfur 2p peak in sulfide phases.®®

Cu2p
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Figure 7. Comparative (stacked) XPS spectra of CZTS, CMnTS, CCoTS, and CNiTS,
and thiol-washed CZTS nanocrystals.

Ni2*-Doped CZTS Nanorods. Powder XRD and TEM shows that the CuzNixZni-
xSNS4 nanocrystals are hexagonal (wurtzite) nanorods (Figures 3c and 8). Compared to
Mn, Ni doping has a smaller but still measurable effect in lowering the degree of
anisotropy (elongation) of the nanocrystals (Figure 1). Specifically, their aspect ratio goes
from roughly 4 to 2 upon doping with 0 atom% nickel and 12.5 atom% nickel,
respectively (Table 2). Based on literature reports, the zero-field splitting of transition
metals with S = 1 exceeds the microwave quantum, and their EPR signal appears at fields
and frequencies beyond the capabilities of traditional EPR instruments.®* An example of

such EPR silent system is Ni?*, a 3d® non-Kramer’s system with an integer-spin ground
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state S = 1.2% For this reason, EPR measurements were not performed on the Ni doped

nanocrystals.

M —CNiTS

A A —9 atom% Ni
8 atom% Ni
__/A'\\-»-—/\JNA —5 atom% Ni
M —3 atom% Ni
-——/w —1 atom% Ni
M A~

—ZnS

(110)
(103)

—

L (102)

(111)
(220)
L (B11E_112)

4 —Cu,NiSnS,
20 30 40 50 60 70
20 Degrees

Figure 8. Powder XRD patterns of hexagonal (wurtzite) CuzNixZn1xSnS4 nanocrystals.
Relevant standard patterns are included for comparison. Doping levels are atom% Ni
from EDX (see Experimental), with CNiTS having a nominal value of 12.5%.

To elucidate the different element's oxidation states in the Cuz2NiSnSs
nanocrystals, we performed XPS measurements (Figure 7). Cu 2p12 and 2ps2 peaks at
951.7 eV and 931.8 eV are indicative of Cu(l) with a splitting of 19.8 eV.8! Ni 2p1:2 and
2ps2 peaks at 871.1 eV and 853.4 eV are indicative of Ni(ll) with a splitting of 17.8
eV.1% Sn 3da2 and 3ds2 peaks for Sn(1V), at 494.4 eV and 486.0 eV show a splitting of
8.4 eV.82 The S 2p peak at 162.4 eV is consistent with literature reports of the sulfur 2p
peak in sulfide phases.®

Aggregation of CZTS and Ni?*-Doped CZTS Nanorods: Effect of Thiol Washing.
Significant nanocrystal aggregation was observed in the TEM images of the as prepared

nickel-doped materials, as well as in the parent undoped CZTS nanorods. Previous
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studies have followed the formation of aggregates in binary metal chalcogenide
nanocrystals. On the basis of Raman and XPS spectroscopy, these previous studies
proposed that clustering in such binary systems was due to dichalcogenide bond
formation between neighboring particles.1”1% Washing with a reducing agent was shown
to break the dichalcogenide bonds, breaking up the aggregates, and producing well-
defined, soluble particles.

In view of these results, we attempted a similar method to wash our aggregated
quaternary particles using excess thiols. Briefly, a mixture of 1-dodecanethiol and tert-
dodecylthiol was used to wash the particles dispersed in toluene, before proceeding to
purification (see Experimental). TEM shows that this method succeeds in reducing
aggregation of both CZTS and Cuz2NixZn1-xSnSa nanorods (Figures 3c,d and 9). To gain
further insight into the surface chemistry changes that may be responsible for this
behavior in our system, we utilized XPS. After thiol washing the CZTS nanocrystals, a
second sulfur peak at 168.3 eV, indicative of oxidized sulfur in sulfonates, RSOz,
appeared in the XPS spectrum (Figure 8).1%° A shoulder peak at 497 eV has been reported
as characteristic of the Sn 3d peak.™? Critically, FTIR spectra confirmed the presence of a
sulfonate species after the thiol wash, as evidenced by a sulfonate symmetric stretching
peak at 1189 cm™ (see Supporting Information).***2? An additional IR peak at 1145 cm™,
both before and after thiol washing the CZTS nanorods, corresponds to TOPO ligands on
the surface of the nanorods.'*® Several attempts using Raman and XPS failed to show any
sulfur peaks associated with disulfide bond forming/breaking on the surface of these

quaternary nanocrystals.
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Based on these results, we believe that the surface chemistry of quaternary
chalcogenides such as CZTS and CNIiTS nanorods differs substantially from that of other
chalcogenide systems. On the basis of the aforementioned XPS and FTIR data, we
speculate that excess metal ions, present during synthesis, may be responsible for the
observed aggregation by crosslinking terminal sulfides on the surface of the nanocrystals
(scheme S1).1** This aggregation is much more prevalent in the Cu2ZnSnSs and
Cu2NixZn1xSnSa nanocrystals. We believe this could be because Zn?* and Ni?* are softer
acids than Co?" and Mn?*. 25117 Hard-soft acid-base theory predicts that Zn** and Ni%*
will be more attracted to sulfur, since S is a soft base, leading to increased aggregation
in these materials compared to the Cu2MnxZn1-xSnSa or Cu2CoxZn1-xSnSa nanocrystals.
Upon washing, the added thiols bind the excess metal ions, thus removing them from the
particle surface and reducing aggregation. In this way, the terminal sulfur or sulfides on
the particle surface become exposed and more susceptible to oxidation when stored in air,
forming the sulfonate species we observed via XPS and FTIR.

Conclusions

We have successfully doped hexagonal (wurtzite) Cu2ZnSnSs nanorods with
Mn?*, Co?*, and Ni?*. Experimental evidence is consistent with substitution at the zinc
site in the three series from CZTS to CMTS. All three series show a wurtzite crystal
structure by powder XRD, and broad absorption over the visible range, with a band gap
ranging from 1.3-1.6 eV. TEM measurements show that each material retains the original
nanorod morphology, with aspect ratios generally varying from 3.8-1.3 as the metal
loading increases. EPR analysis confirms the presence of Mn?* and Co?" metal ions in a

high spin configuration and XPS analysis shows that the oxidation states of the metal
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dopants are Mn?*, Co?*, and Ni%*. XPS was also used to determine the oxidation states of

additional components as Cu*, Sn**, Zn?*, and S?..

Figure 9. TEM images of CZTS rods before (left) and after (right) thiol washing,
showing a corresponding decrease in particle aggregation (see Experimental).

Along with the original methanol/ethanol wash, a TOPO wash was employed to
purify the Cu2MnxZn1-xSnSas samples. The TOPO ligands bind strongly to the excess Mn?*
ions on the surface of the nanocrystals. Upon centrifugation, the TOPO ligands are
removed, pulling the excess Mn?* from the surface as well. The EPR signal in the 3
atom% Mn sample confirms that this is the case, because the spectrum shows a drastic
change before and after this wash, from one smooth curve to the expected six peak
splitting EPR pattern. Analogous to other systems, this change in the EPR spectrum
indicates that the manganese remaining in the sample is located within (at the interior of)

the nanocrystal lattice.
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Several samples in this study showed substantial aggregation, particularly
Cu2ZnSnSs and CuzNixZn1xSnSa4 nanocrystals. We mitigated this problem by employing
an additional thiol wash. Aggregation was significantly reduced throughout the entire
sample by washing the nanocrystals with a mixture of 1-dodecanethiol and tert-
dodecylthiol, followed by centrifugation. We believe aggregation is due to metal ions
crosslinking the surface terminal sulfides of separate nanocrystals. Upon washing, the
additional free thiols bind and remove the metal ions, leaving the terminal sulfurs free to
oxidize in air. This hypothesis is supported by the XPS data and FTIR data after the thiol
wash, which show new peaks corresponding to sulfonate species.

In summary, we have synthesized and characterized wurtzite Cu2zMxZn1-xSnSa
nanorods (M = Mn?*, Co?", Ni?") with different dopant concentrations from 0 < x< 1
(from CZTS to CMTYS). In addition, we have shown that different methods of washing
the nanocrystals can be employed to improve the purity and spectral quality of these
materials. The magnetic properties of these materials warrant further investigation, and
may enable future applications in new areas such as data storage and spintronics.
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Appendix of supporting information
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Figure S1. Solution phase optical absorption spectra of manganese(ll) doped CZTS
nanocrystals.
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Figure S2. Solution phase optical absorption spectra of cobalt(ll) doped CZTS
nanocrystals.
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Figure S3. Solution phase optical absorption spectra of nickel(Il) doped CZTS
nanocrystals.
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Figure S4. Tauc plots used to estimate the band edge of transition metal-doped CZTS
nanocrystals.
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Figure S5. Simulated and experimental EPR spectra of 3 atom% manganese(Il) doped
CZTS (TOPO wash).
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Figure S6. Simulated and experimental EPR spectra of 5 atom% cobalt(11) doped CZTS
nanocrystals.
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Figure S7. Room temperature (294 K) EPR spectra of manganese(ll) doped CZTS
nanocrystals.
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Figure S8. 10 K EPR spectra of cobalt(ll) doped CZTS nanocrystals.
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Figure S9. 10 K EPR spectra of cobalt(ll) doped CZTS nanocrystals (copper region).
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Figure S10. Simulated and experimental EPR spectra of CCoTS nanocrystals.
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Figure S11. FTIR spectra of CZTS nanocrystals before (black) and after (red) thiol wash
with a 1:7 mixture of 1-dodecanethiol and tert-dodecylmercaptan.
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Figure S12. XPS analysis of CZTS, thiol washed-CZTS, CMnTS, CCoTS, and CNiTS
nanocrystals.

www.manharaa.com




75

—Peak Sum - CNiTS
—Peakl
—Peak2
—Peak3

—Peak Sum -9 atom% Ni
—Peakl
—Peak2
—Peak3

—Peak Sum - 8 atom% Ni
—Peakl
—Peak2
—Peak3

—Peak Sum - 5 atom% Ni
—Peakl
—Peak2
—Peak3

25 27 29 31 33
20 Degrees

Figure S13. Deconvolution of (100), (002) and (101) diffraction peaks from the PXRD
patterns of Ni(Il) doped CZTS.
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Figure S14. EPR spectrum of undoped CZTS at 10 K.
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Figure S15. EPR spectrum of 0.0125 atom% Mn:CZTS at 10 K.
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Table S1. Comparison of EPR parameters.

System | Reported Value | Reference
Tetracoordinate Mn?*
3 atom% Mn:CZTS A =68x10* cm™ this work
g = 2.0055
D =31x10* cm™
Cdo.994Mno.006Se A =65x10* cm? [53]
Internal Mn - 0.7% Mn:CdS - tetrahedral A =68x10* cm? [73]
g =2.0049
Surface Mn - 0.7% Mn:CdS - octahedral A =89x10* cm?
g = 2.0052
internal Mn -0.003% Mn:ZnS - tetrahedral | A = 64x10* cm® [75]
D =37.4x10* cm™*
Internal Mn - Cdo.sMno.1Se A =60x10* cm? [78]
g=2.010
Surface Mn- Cdo.sMno.1Se A =85x10* cm?
g =2.0021
Cdog7MnoosSe A = 85x10” cm'™! [79]
Internal Mn - Cdo.geaMno.cosSe - tetrahedral | A =63x10* cm™? [69]
D = 15x10* cm™?
Surface Mn - Cdo.994Mno.00sSe A =85x10* cm?
D=0cm
Tetracoordinate Co?*
CCoTS g=4.3 this work
Co/NAD* g=43 [92]
CoAPO-n g=5.44 [93]
Cobalt bovine superoxide dismutase g=4.3 [94]
Tetracoordinate Cu?*
Cu?" in CCoTS g1=2.26 this work
gu=2.025
AL =16x10* cm*
Ay =133x10* cm?
(CukS03)+(Cd"S03)+2H20 (contains g1 =2.37 [101]
distorted tetrahedral and octahedral sites) gL =2.080
A =15x10"* cm?
Aj=158x10* cmt
Undoped CZTS
CZTS | gL=2.006 | [100]
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Table S2. Band gaps of ‘parent’ compounds.

Species Repoged Band Ref.
ap

CZTS 1.5 this work
1.4-156 [4]
1.5 [7]

CMNTS 1.3eV this work
1.1leV [39]
1.28 eV [16]

CCoTS 1.4eV this work
1.25eV [16]
1.5eV [13]

CNITS 1.6eV this work
1.41eV [17]
1.49eV [16]

N _
NS Y
, N

A

Scheme S1. TOPO washing to remove surface bound manganese ions.

www.manharaa.com




79

Scheme S2. Thiol washing of nanorods to reduce aggregation due to crosslinking of
metal ions with terminal surface sulfides. Additional thiols bond with metal ions, leaving
surface terminal sulfides free to oxidize in air, forming sulfonates.
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF TERNARY THIOSPINEL AND

PYRITE NANOPARTICLES

Michelle Thompson, Brittany Hallmark, Courtney Meekins, Javier Vela

Abstract

Due to their application in a variety of energy and catalysis fields, thiospinels and
pyrites have attracted attention in recent years. Typically, these materials are synthesized
in bulk, with high temperature methods and low surface areas, making them less than
ideal for applications. In this report, we use low temperature, solvothermal methods to
synthesize nanocrystalline, ternary thiospinels. The nanocrystals have a variety of
morphologies, including spheres and nanorods, and show a broad absorbance in the
visible range. This is the first time several of the materials are reported in nano sizes. We
also report on the attempted synthesis of pyrite nanocrystals.
Introduction

Spinel compounds, with a typical formula AB2Xs can show many different,
interesting properties using various combinations of A, B, and X. Thiospinels are one
type of spinel, with a formula of AB2Ss4. In a thiospinel structure, sulfur atoms are in a
cubic close-packed arrangement with A2* cations occupying 8 tetrahedral sites and B3*
cations occupying 16 octahedral sites. As with spinels, thiospinels show a range of
interesting magnetic and electrical properties — most have been shown to possess an

antiferromagnetic ground state,? while some thiospinels are magnetic semiconductors?,
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and others show metallic behavior with complicated magnetic properties. Studies of
thiospinels have led to interesting discoveries, such as their photosensitivity and
transparency to high energy photons,* as well as their anisotropic pressure dependent
properties, which could lead to applications in defect engineering.® Thiospinels have
shown promise for a variety of applications, such as supercapacitors,®’ anodes for lithium
ion batteries,* and catalysts for the oxygen reduction reaction.®

Pyrites are another interesting type of crystalline compound. Binary transition
metal pyrites have been extensively studied, but ternary pyrite systems have received less
attention, with only a few computational reports, *° and reports of doped bulk systems.!"
15 Pyrites have an AX: formula, where cations (A) form a face centered cubic
arrangement with octahedral coordination to X, and X forms covalently bonded pairs
which are parallel to the cube’s diagonals. The most common pyrites are composed of a
single metal (A = B) and sulfur, such as nickel, iron, or cobalt.! Pyrites have been studied
for their applications in photovoltaics,?>?%27 thermoelectrics,'®!’ spin-tronics®®, and
catalysis.*®

thiospinel

Figure 1. Unit cells of thiospinel and pyrite crystal structures
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In this report, we explore the synthesis of several nanoscale thiospinels, namely
CuCo02S4, CuCosSs, and NiC02S4. While NiCo2S4 has been heavily explored in both the
bulk and nano regimes due to its application as a supercapacitor,?%-?2 there are very few
reports of CuCo2Ss in nano sizes®?* and to the best of our knowledge, this is the first
report of CuCosSs in nano sizes. Bulk CuCo2S4 has been successfully utilized as a
reversible cathode in lithium battery systems since the discovery in the early 1980’s,2>2
and has also been extensively studied for its magnetic and electronic properties.%2830 We
also report on the synthesis and characterization of CuNiCoS4, CuNi15C005S4, and
CuNiosCo015S4, which, to the best of our knowledge, have also never been reported in
nano sizes, with only one report in the literature on bulk sizes.’! Additionally, we
explored the synthesis of several pyrite compounds; CuNisSs, CuCoSs, CusZnSs, and
CuMnsSs.

Experimental

Materials Copper(ll) acetylacetonate (99.99%), 1-dodecanethiol (98+%), tert-
dodecylthiol (98.5%), nickel(ll) acetate tetrahydrate (99+%), cobalt(ll) tetrahydrate
(99+%) oleylamine (70%) and trioctylphosphine oxide (TOPO) (99%) were purchased
from Sigma Aldrich; zinc(ll) acetate dihydrate (98+%), and manganese(ll) acetate
tetrahydrate (99+%) from Strem Chemicals, and 1-octadecene (ODE) (90%) from Acros.
All materials were used as received.

Synthesis.  All thiospinels were synthesized by a modified literature
procedure.®>32 In the reaction, transition metal salts and trioctylphosphine oxide (TOPO)

(2.75 mmol) were mixed with ODE (5 mL) in a three-neck, round bottom flask and
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evacuated at room temperature for 30 min. The flask was heated to 120 °C, and a mixture
of 1-dodecanethiol (0.52 mmol) and tert-dodecylthiol (3.72 mmol) was quickly injected.
After additional heating to 210 °C for 30 min with continuous stirring, the solution was
allowed to cool to 80 °C, and anhydrous toluene (1.5 mL) added. Brown/black colored
solids (nanocrystals) were isolated by repeated precipitation with a mixture of ethanol
and methanol, and centrifugation at 5000 rpm for 8 min, followed by re-dissolution in
toluene. CuCo2S4 and CuCosSs: copper(ll) acetylacetonate (0.25 mmol) and cobalt(I1)
acetate tetrahydrate (0.5 or 1.25 mmol). NiCo02S4: cobalt(ll) acetate tetrahydrate (0.5
mmol) and Ni(ll) acetate tetrahydrate (0.25 mmol). CuNiCoS4, CuNi15C005S4, and
CuNios5Co0155S4: cobalt(ll) acetate tetrahydrate (0.25, 0.375, or 0.125 mmol) and Ni(ll)
acetate tetrahydrate (0.25, 0.375, or 0.125 mmol) and copper(ll) acetylacetonate (0.25
mmol). Thiol Wash. In order to reduce nanoparticle aggregation, we employed a wash
using excess thiols. Briefly, approximately 0.4 mL of a 1:7 mixture of 1-dodecanethiol
and tert-dodecylthiol was added to approximately 5 mL of nanoparticles dispersed in
toluene. After sonication for 1 h, the particles were washed once with ethanol and
methanol and centrifuged at 5000 rpm for 8 min. Pyrite synthesis. CuCoSa was attempted
using a modified literature report.** Copper(ll) acetylacetonate (0.25 mmol), cobalt(Il)
acetate (0.25 mmol), TOPO (0.3 mmol) and OLAM (10 mL) were degassed at 120°C for
1 hour. The temperature was increased to 170°C and the solution was refluxed for 2
hours. The temperature was increased to 220°C and 0.6M sulfur in OLAM (5 mL) was
injected. The solution was stirred at 220°C for 2 hours, then cooled. The product was
isolated by repeated precipitation with a mixture of methanol, ethanol, and isopropanol,

and centrifugation at 5000 rpm for 8 minutes, followed by re-dissolution in toluene.
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Photochemical synthesis. Unwashed (crude) CuCo2Ss4 nanoparticles (0.2 mL) were
dispersed in toluene (4.75 mL) and illuminated under 380 nm light. Additional thiols (0.1
mL) and copper(ll) acetylacetonate (0.0163 g) were added in one synthesis, and EDTA
(0.1461 g in 5 mL toluene) was added in another.

Characterization. Powder X-ray diffraction (XRD) were measured using Cu Ka
radiation on a Rigaku Ultima IV diffractometer. A standard pattern of wurtzite
(hexagonal) ZnS was used in lieu of that of wurtzite CZTS (unknown). Transmission
Electron Microscopy (TEM) was conducted on carbon-coated nickel or gold grids using a
FEI Tecnai G2F20 field emission scanning transmission electron microscope (STEM) at
200 kV (point-to-point resolution <0.25 nm, line-to-line resolution <0.10 nm). The
nanorods' axial elemental composition was characterized using energy-dispersive
spectroscopy (EDX) line scans in STEM mode. Atom% values were determined by
averaging five EDX scans of representative areas within each sample. Particle sizes
(dimensions) and statistics (>100 particles) were measured manually using ImageJ.
Average sizes are reported with = 1 standard deviations. Optical absorption spectra were
measured with a photodiode array Agilent 8453 UV-Vis-NIR spectrophotometer. Solvent
absorption was subtracted from all spectra.

Results and discussion

Synthesis of ternary pyrites. Along with the ternary thiospinel nanocrystals, we
were interested in ternary pyrite nanocrystals. We attempted to synthesize several
different ternary pyrites, including: CuNisSs, CuCoSs, CusZnSs, and CuMnsSs. We began
with a routine, hot-injection, solvothermal synthesis (scheme 1), which was unsuccessful.

We altered the synthetic conditions (time, temperature, metal precursor, and solvent(s))
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and tried several different photochemical methods. However, none of the methods we
tried were successful. In the case of CuNisSs, regardless of the reaction time,
temperature, sulfur source, or alteration of the metal sources, the product was nearly
always a mixture of a-NiS and B-NiS (Figure 2). The UV-Visible solution phase
absorbance showed very little; likely due to scattering, since the products were only
partially soluble.

Scheme 1. Synthesis of the nanoparticles using a hot-injection.

TOPO, ODE / Ar

Metal Salts » Ternary NP
(1) 120 °C,
1-dodecanethiol + tert dodecylthiol
(2) 210 °C, 30 min (unbalanced)

=30 min: standard rxn
—5 min

—1/6xCu

—tBu,S,

—3x tBu,S, 1/3x metals
—50:50 thiol:tBu_S,

—CuNi,S, Std.
—[B-Nis Std.
—Cu_S Std.
L I — a-NisStd.
20 40 60
20 Degrees

Figure 2. PXRD of attempts to synthesize ternary pyrite CuNizSs nanocrystals.

www.manaraa.com



86

Attempts to synthesize CusZnSs yielded crystalline copper sulfide phases and ZnS
(Figure 3). The solution phase absorbance was featureless, with an onset around 600 nm.
Synthesis of CuMnsSs showed only MnS as the product by PXRD (Figure 4) with an

unknown impurity phase. The absorbance was broad and featureless, spanning from 200-

1100 nm.
-—J\L—hth-—;d———t —30 min
S —ll L\-M—
L& .
c —5 min
; |
8 | L1 l Ll —Cu_ S, Std.
_Q 975
= l
I l L —ZFIS Std.
. . TN | 1 L _Cugss Std.
300 500 700 20 40 60
Wavelength (nm) 20 Degrees

Figure 3. UV-Visible solution phase absorption and PXRD of attempted synthesis of
ternary pyrite CusZnSs nanocrystals.

§ —CuMn_S,_ Exp.
1]
2
: |
< l | L 3| —CuMn_S_ Std.
— MnS Std.

T T T 1 h |I

300 500 700 900 1100 20 40 60
Wavelength (nm) 20 Degrees

Figure 4. UV-Visible solution phase absorption and PXRD of attempted synthesis of
ternary pyrite CuMnsSs nanocrystals.
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The attempted syntheses of CuCoSs also proved unsuccessful, regardless of
preparation method, precursor choice, or precursor ratio. While we began with the
optimized hot injection method used earlier, we also pursued a published method for
pyrite preparation,* shown in Scheme 2. We also varied the sulfur source and initial
loading of sulfur and metal precursors, with no success. Photochemical synthesis was
also unsuccessful. As shown in figure 5, nearly every synthesis route produced the

thiospinel compound CuCo2Sa.

Scheme 2. Reaction scheme for pyrite prep synthesis for CuCoS4

OLAM, TOPO/Ar
Cu(acac), + Co(OAc), * H,0 : : - OGS,
(1) 170°C 2 h

(2) 220°C 5mL 0.6 M S in OLAM
(3)220°C 2 h

——Standard Rxn + OLAM

MJ\-.A—.—&J\A.—___.— —30 min: Standard Rxn “ A A "
MMMM‘ —275°C ——CuCo,S, before

A ;\ A —1/6xCo —380nm,6h
—Pyrite Pre
v P —380nm, 6h, Cu&S
—1Bu,S,
::ij___ﬁ-hk——— —3xtBu S, 1/3xmetals . ——380nm. 6 h. EDTA

,\_{\‘ —50:50 thiol:tBu,S,
1 l I | RPN —CuCosS, Std. I I 1 | ——CuCos, Std.
1 | —CuCo,S, Std.
wandalia A1 —Cu.5 5td. | | L | 3] —Cuco s, std.
20 40 60 20 40 60
20 Degrees 26 Degrees

Figure 5. PXRD of attempted hot injection synthesis (left) and photochemical synthesis
(right) of ternary pyrite CuCoS4 nanocrystals.
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Synthesis of CuMn2Ss and CuZnzS4. In addition to these compounds, we also
attempted to synthesize thiospinel CuMn2Ss and CuZn2S4 nanocrystals. We began with a
stoichiometric synthesis of CuMn2Sa, and then also modified the synthesis with different
precursor ratios. Regardless of the modifications, the majority end product was
consistently MnS (Figure 6), and several syntheses also yielded copper sulfide and sulfur
as minor components. TEM images show that the nanocrystals made by stoichiometric
synthesis were spherical with an average diameter of 8 = 1 nm (Figure 7). We also tried
to synthesize CuZn2S4, which yielded ZnS (hexagonal) nanocrystals and a small amount
of copper sulfide as the end products (Figure 8). The nanocrystals were cone shaped, with

an average length of 28 £ 6 nm (Figure 9).

—CuMn_S, Stoich. . N
—2xCu

—5xCu & sty M—v--m —ZXCU
—Equal Mn and Cu M.___. —5xCu

e —CuMn_S, Stoich.

©
o
c
M
-.g M-—A —equal Mn and Cu
3 l - —MnS Std.
|
L L I P | A —CuMn254 Std-

T T M _CUZS Std.
300 500 700 900 1100 20 40 60

Wavelength (nm) 20 Degrees

Figure 6. UV-Visible solution phase absorption and PXRD of attempts to synthesize
CuMn2Sas.
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Figure 7. TEM images of nanocrystalline product from stoichiometric attempt to
synthesize CuMn2Ss

ot —CuZn,S, Exp.
®
-
_§ II l l l_.ll " ZnS Std
< -—/nS Std.
; : I L - —Cu, S Std.

350 550 750 20 40 60

Wavelength (nm) 26 Degrees

Figure 8. UV-Visible solution phase absorbance and PXRD of CuZn2Sa synthesis.
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Synthesis and Characterization of CuCo2S4. During synthesis of Cu2CoSnSa
nanocrystals, an impurity phase appeared in the powder x-ray diffraction pattern. That
phase was characterized as CuCo2Ss, a ternary thiospinel called Carrollite, which is a
naturally occurring metallic thiospinel. Following this discovery, we deliberately
synthesized the ternary compound using a hot injection synthesis that was optimized in
the second chapter. Briefly, the particles were synthesized by mixing metal salts with
TOPO, injecting excess thiol at 120°C, followed by 30 minutes of heating at 210°C

(Scheme 2). The product was dark brown/black in color.

—CuCo S,

Absorbance

1 I 1

300 500 700 900 20
Wavelength (nm) 26 Degrees

I ‘ ‘ ol | —CuCo,S, Std.
40 60
Figure 10. UV-Visible solution phase absorption and PXRD of CuCo02S4 nanocrystals

The powder XRD pattern showed that the product was crystalline, with an
average diameter of 11 nm (calculated using the Scherrer equation). UV-Vis solution
phase absorbance showed a broad absorption over the range from 200 — 1000 nm (Figure
10). Transmission electron microscopy (TEM) showed significant aggregation of

nanocrystals, so we employed a thiol ‘wash’ to reduce aggregation of the particles. In this
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wash, we take the as-synthesized particles and centrifuge (wash) with ethanol and toluene
twice. Then we dispersed the particles in toluene and add 0.4 mL of a mixture of 1-DDT

and t-DDT and sonicate for 30 minutes.

Before Thiol Wash | After 'T'“‘?P-:Waih' o

Figure 1_1. TEM images of CuCo2S4 before (left) and after (right) thiol washing to reduce
aggregation.

After the additional thiol wash, the nanocrystals were much less aggregated and
showed a spherical morphology with an average diameter of 9 = 4 nm, which
corresponds well with the size calculated from the PXRD (Figure 11). Energy dispersive
x-ray spectroscopy (EDX) shows that the molar ratio of Cu:Co:S is 1:2:4, which helps
confirm that we have synthesized CuCo2Sa, since there are several other PXRD patterns

which are indistinguishable, such as CuCosSs.
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Synthesis and Characterization of CuCosSs. Studying CuCo2S4 piqued our interest
in other ternary thiospinels and we proceeded by synthesizing CuCosSs. There has been
only one published study of bulk CuCosSg,®* and to our best knowledge this is the first
report of nano-sized CuCosSs. The nanocrystals were synthesized using the method
reported above, with a different ratio of copper to cobalt to sulfur precursor. UV-Vis
solution phase absorbance shows a broad, featureless absorbance from 200 — 1000 nm.
PXRD shows a crystalline spinel phase; however, the powder patterns for CuC02S4 and
CuCosSs are the same, since the only difference is the ratio of metals in the mixed sites in

the crystal structure. (Figure 12).

(311)

(440)

(220)

—Cu COSSS

Absorbance

T T T 1 I | ' | I —CUXCO}XS4 Std.
300 500 700 900 1100 3¢ 40 60

Wavelength (nm) 26 Degrees

Figure 12. UV-Visible solution phase absorption and PXRD of CuCosSs nanocrystals.

TEM images show nanorod morphology with an average diameter of 6 £ 1 nm
and an average length of 18 + 4 nm after thiol washing to reduce the aggregation (Figure
13). Analysis of lattice fringes in TEM images gave a d spacing of 2.72 A and 2.70 A
(Figure 14), matching well with the d spacing of the (400) plane in both CuCo2S4 and

CuCosSs. However, since the sample showed a rod-like morphology, which was different
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from the CuCo2S4 sample (spheres) above, we believe this indicates that a different
product was formed in this sample. EDX area scans confirm that the stoichiometry for
Cu:Co:S was 1:3:5 (almost exactly the average of the two phases), so we can speculate

that these particles may be an intermediate composition between the two phases.

Before Thiol Wash * After Thiol Wash =~

Figure 13. TEM images before (left) and after (right) thiol washing CuCosSs
nanocrystals
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Figure 14. TEM images with lattice fringes analyzed.

Synthesis and Characterization of NiCo02S4. We also synthesized NiCo02S4
nanocrystals, which have been extensively studied for their utility as supercapacitors. The
nanocrystals showed a spinel PXRD pattern (Figure 15), aggregated nanorod morphology
in TEM images, and a broad absorption over the entire visible range. Thiol washing did
not impact the aggregation in the sample (Figure 16). Since these nanocrystals have been
rigorously examined by others, we did not perform any further characterization. We also
attempted to synthesize several other thiospinels, including CuMn2Ss, CuZn2Ss, and

CuNi2S2 without success.

8 M _Nicozs4
[
(1]
5 A —NiCo,S, Std.
Ll
1 o— L1 —Ni,S, Std.

, , : l I, A —— ] —CoNi s, Std.
300 500 700 900 1100 20 40 60

Wavelength (nm) 20 Degrees

Figure 15. UV-Visible solution phase absorbance and PXRD of NiCo02S4 nanocrystals.
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Before Thiol Wash  ° AfterThiol Wash. -

24

et

Figure 16. TEM images before (left) and after (right) thiol washing of NiCo02Sa4
nanocrystals.

Since we were able to synthesize NiCo02S4, but not CuNizS4, we synthesized
NiCo02S4 with copper, yielding CuNiCoSas. The PXRD pattern was not distinguishable
between CuNiCoSs, NiCo02Ss, and NisS4 (Figure 17), but EDX analysis showed that the
molar ratio of Cu:Ni:Co:S was 1:1:1:1, which indicates that the particles were
synthesized, but they are sulfur deficient, which indicates that there may be the presence
of an amorphous impurity. The TEM images showed significant aggregation of particles,
so we performed an extra thiol wash (Figure 18). After the thiol wash, images show that
the nanocrystals were a mixture of spheres (mostly) and some nanorods, with an average
diameter of 8 + 3 nm, which corresponded well to the average size of 9 nm calculated

using the Scherrer equation from the PXRD pattern.
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—Cu NiCDS4 B11) (a00) (511) (440)
(220) 222) (422)

—CuNi Co, .S, —CuNiCoS, Exp.
15770574 —Cu Nio.sco1.5sa

3

c

§ —CuN|1_5C00_554

< T . — +—f —CuNiCos, Std.
I I +u] —CuCo,S, Std.

L [ ] Il ) s
300 500 700 900 20 40 60
Wavelength (nm) 26 Degrees

Figure 17. UV-Visible solution phase absorbance and PXRD of CuNiCoSa,
CuNi1.5C005S4, and CuNio.sC01.5S4 nanocrystals.

- Thiol Wash:

Figure 18. TEM images before (left) and after (right) thiol washing CuNiCoSa
nanocrystals.
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Figure 19. TEM images showing lattice fringing and d spacing analysis. Left:
CuNio5Co015S4 Right: CuNi15C005S4

We also synthesized CuNi1.5C005S4, and CuNio.sC015S4 nanoparticles. The PXRD
patterns show a crystalline spinel phase, but again, several different patterns are nearly
indistinguishable from one another (Figure 17). TEM analysis shows aggregated particles
with distinct lattice fringing (Figure 19). Analysis shows a d spacing of 3.36 A, which
corresponds with the (220) plane and 2.73 A, which corresponds to the (222) plane. EDX
analysis shows that CuNi1.5C005S4 has a molar ratio of 1:0.4:0.4:1and CuNio5C015S4 has
a molar ratio of 1:0.3:1.4:2. Both samples are sulfur deficient and the CuNi15C00.5S4
nanocrystals are deficient in nickel, which is possibly due to an amorphous impurity.
Conclusions

We attempted to synthesize ternary pyrite nanocrystals using hot-injection
methods, as well as photochemical methods. Several different hot-injection methods,
with various modifications to experimental parameters, consistently yielded the undesired
thiospinel products or a mixture of metal sulfides, as did the photochemical methods.
Although the syntheses of the ternary pyrites were unsuccessful in yielding the desired

results, we will utilize these outcomes to influence the future directions of this project.
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We have synthesized several ternary thiospinels: CuCo02S4 nanocrystals, CuCosSs
nanorods, and CuNixCo2xSs nanocrystals with varying levels of nickel and cobalt
loading. These are novel systems with a variety of potential applications in energy and
catalysis. All of the nanocrystals show a broad absorbance in the visible range, and
powder x-ray diffraction and transmission electron microscopy show that the particles are
crystalline. The additional thiol wash proved to be effective at reducing aggregation of
the nanocrystals in nearly every case. These nanocrystals could prove useful in energy
applications, particularly batteries and catalysis.
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CHAPTER 5
SUMMARY AND CONCLUSIONS

This thesis demonstrates the synthesis, optimization, modification, and
characterization of several ternary and quaternary nanocrystalline semiconductor
materials. In the second chapter, we have shown that wurtzite CZTS nanorods commonly
possess composition gradients along their axes. The composition gradients found in our
nanocrystals were composed of a copper-rich end and an opposite zinc-rich end. Through
experiments varying precursor loading and time evolution studies, we found that the
reactivity of the three cationic precursors and relative rate of nucleation of the
corresponding metal sulfides decrease as: Cu(CsH702)2> Zn(CH3CO2)2 > Sn(CH3CO2)a.

Under stoichiometric conditions, the reactivity differences of the metal precursors
lead to sequential nucleation events and axial composition gradients. Seeds made of
copper sulfides quickly form by homogeneous nucleation, followed by heterogeneous
nucleation of zinc and tin sulfides. Decreasing the loading of the copper precursor lowers
the rate of nucleation of the copper sulfide seeds, which increases the nanorods' aspect
ratio. When the three metal precursors nucleate at more comparable rates, it produces
significantly longer CZTS nanorods with a more constant elemental composition along
their axes. Increasing the copper precursor loading or changing the zinc and tin precursor
loadings also produces significant changes to the composition and morphology of the
products. Increasing the loading of tin precursor leads to CZTS nanorods with much less
pronounced composition gradients along their axes. Thus, we have shown that cationic
precursor loading predictably affects the morphology (dots vs. rods) and degree of axial

phase segregation of anisotropic CZTS nanocrystals.
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In the third chapter of this thesis, we show successful doping of these hexagonal
(wurtzite) Cu2ZnSnSs nanorods with Mn?*, Co?*, and Ni?*. Experimental evidence (EPR
and XPS) is consistent with substitution at the zinc site in the three series and all show a
wurtzite crystal structure by powder XRD, nanorod morphology by TEM and broad
absorption over the visible range, with a band gap ranging from 1.3-1.6 eV. EPR analysis
confirms the presence of Mn?* and Co?* metal ions in a high spin configuration and XPS
analysis elucidates the oxidation states of the metal dopants as Mn?*, Co?*, and Ni?*. XPS
was also used to determine the oxidation states of additional components as Cu*, Sn**,
Zn?* and S%.

Two additional purification washes were employed, along with the original
methanol/ethanol wash. A TOPO wash was employed in the Cu2MnxZn1xSnSa samples,
since the additional TOPO ligands bind strongly to the excess Mn?* on the surface of the
nanocrystals and remove these ions upon centrifugation. The efficacy of this wash is
confirmed by the EPR signal in the 3 atom% Mn sample. The spectrum before wash
shows only one smooth curve, but post-wash, we see the expected six peak splitting
pattern. Analogous to other systems, this change in the EPR spectrum indicates that the
remaining manganese is located within (at the interior of) the nanocrystal lattice.

Several samples showed substantial aggregation, particularly Cu2ZnSnSs and
Cu2NixZn1xSnS4 nanocrystals. We mitigated this problem by employing a thiol wash
with a mixture of 1-dodecanethiol and tert-dodecylthiol, followed by centrifugation. \We
believe this aggregation is due to metal ions crosslinking the surface terminal sulfides of

separate nanocrystals and upon washing, the additional free thiols bind and remove the
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metal ions, leaving the terminal sulfurs free to oxidize in air. This hypothesis is supported
by the sulfonate peaks found in the XPS and FTIR data after the thiol wash.

In the fourth chapter, we have synthesized several new nanocrystalline ternary
thiospinels: CuCo2S4 nanocrystals, CuCosSg nanorods, and CuNixCo2xSa nanocrystals
with varying levels of nickel and cobalt loading. All of the nanocrystals show a broad,
fairly featureless absorbance in the visible range, and powder x-ray diffraction and
transmission electron microscopy show that the particles are crystalline. The additional
thiol wash introduced in chapter three proved to be effective at reducing aggregation of
the ternary thiospinel nanocrystals in nearly every case.

We also attempted to synthesize ternary pyrite nanocrystals using several different
synthetic methods. Many different hot-injection methods, with various modifications to
experimental parameters, consistently yielded the undesired thiospinel products or a
mixture of metal sulfides, as did the photochemical methods. Although the syntheses of
the ternary pyrites were unsuccessful in yielding the desired results, we will utilize these
outcomes to influence the future directions of this project.

The discoveries presented in this thesis will improve our ability to fabricate CZTS
and similar nanostructures for photovoltaics, energy storage, data storage, spin-tronics
and photocatalysis. More generally, they will aid our understanding of -and ability to
control- phase segregation and doping in complex compound semiconductors such as

quaternary CZTS.
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