Supporting Information

Solid-Solid Phase Transformations Induced through Cation Exchange and

Strain, in 2D Heterostructured Copper Sulfide Nanocrystals

Don-Hyung Ha?, Andrew H. Caldwell?, Matthew J. Ward®, Shreyas Honrao?, Kiran Mathew?, Robert
Hovden®, Margaret K.A. Koker®, David A. Muller®?, Richard G. Hennig?, and Richard D. Robinson™?

Cornell University, Ithaca, New York 14853, United States

aDepartment of Materials Science and Engineering

Cornell High Energy Synchrotron Source (CHESS)

¢School of Applied and Engineering Physics

dKavli Institute at Cornell for Nanoscale Science, Ithaca, New York 14853, United States

* To whom correspondence should be addressed. E-mail: rdr82@cornell.edu,



mailto:rdr82@cornell.edu

Figure S1. TEM images of as-synthesized heterostructured NCs (left) and of the same sample after
one week (right). Heterostructured NCs (left) retain their interface structure even after one week of air
exposure in a vial (right). Dried NCs are stored in a vial after cation exchange and kept in air for a week.

NCs are then re-dispersed in hexane for TEM imaging.



Figure S2. HAADF-STEM images for the final sample (Cu-S/ZnS, Fig. 1e). Only copper layers
oriented parallel or near-parallel to the electron beam will be clearly visible. The lack of a visible copper
layers, does not imply that a layer is not present. When the specimen is tilted relative to the beam

direction, copper layers appear and disappear.
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Supplementary Figure 3. TEM image of the NCs reacted under an aggressive environment. After

roxbyite NCs are reacted for 4 hours at 50 °C, the temperature is increased to 100 °C and kept for 30
minutes. Approximately 30 % of the NCs show a thin layer.

Figure S4. TEM images of ~40 nm sized NCs during cation exchange reaction. Starting roxbyite NCs
(left) show ~40 nm size.> 7 minutes of reaction with Zn solution leads to heterostructured NCs (center).
The final NCs (right) show Moireé pattern and thin layer in the center of the NCs.
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Figure S5. Magnified form of Fig. 3a with vertical lines to clarify the shift to higher angles.
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Figure S6. Cu K-edge XANES of roxbyite NCs, Cu,S, and NC samples with t = 20 nm and 15 nm.
Shift observed in the copper K-edge XANES from roxbyite phase to Cu.S phase at the beginning of the
chemical transformation, when the thickness of the Cu,S band, t, is 20 nm. XANES shifts back toward the

roxbyite phase whent < 10 nm.
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Figure S7. Difference spectrum from Cu K-edge XANES of NC sample with t = 20 nm and Cu,S.
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Figure S8. Difference spectrum from Cu K-edge XANES of NC sample with t = 10 nm and Cu1:S
roxbyite.
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Figure S9. (Left) Absorption difference of XANES spectra taken between NC samples and Cu,S
standard. (Right) Absorption difference of XANES spectra taken between NC samples and roxbyite
NC sample.
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Figure S10. Linear Combination-XANES fit of NC sample with t = 15 nm using Cu1.s:S (roxbyite)
and Cu,S (djurleite / low chalcocite) as reference standards.
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Figure S11. FFT of HRTEM image of ZnS and roxbyite grains from Fig. 5b.
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Figure S12. Superimposed sulfur sublattice to the interfacial plane. Sulfur sublattice from low
chalcocite and that of ZnS match poorly (left) while sulfur sublattice between roxbyite and ZnS is well
aligned (right). Perspective (z-axis) is looking down the <010> of low chalcocite, <100> of roxbyite, and
<001> of zinc sulfide lattices.
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Figure S13. The (100) plane (left) and (100) plane (right) of roxbyite phase. They share a very similar

atomic arrangement.



Figure S14. Distances between S-S sub-layers perpendicular to the epitaxial plane of roxbyite (left) and
ZnS (right). They show ~8 % different S-S sub-layer distance which is much higher than the lattice

mismatch along the epitaxial plane (~1.1%).
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Figure S15. The epitaxial plane for djurleite (left) and roxbyite (right) for ZnS. Djurleite and roxbyite
share a similar sulfur sub-lattice (S-S distances for djurleite and roxbyite are 3.91A and 3.87A,
respectively). However, S-S distance in djurleite has much higher standard deviation than that in roxbyite

(0.13 A for djurleite vs. 0.08 A for roxbyite).
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Figure S16. Epitaxial plane for low chalcocite. The epitaxial plane for low chalcocite are poorly matched

with hexagonal lattice.

Figure S17. TEM images of NCs reacted for 2 minutes with Cd solution (left) and the final sample

(right).
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Figure S18. XRD results of samples from copper sulfide to cadmium sulfide
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Figure S19. TEM image with low magnification of the heterostructured (Cu-S/ZnS) NC sample
(Fig. 1c)
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Figure S20. TEM images of roxbyite NCs. 60° tilted TEM image (bottom) confirms that the starting
roxbyite NCs are spherical. Red box displays the sample area before and after the TEM stage tilting
experiment.
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Figure S21. Multivariate curve resolution (MCR) analysis for Cu and Zn EELS map of an intermediate
product nanocrystal. a.) RGB composite image made from three chemical maps (b.), S, Zn, and Cu. c.) a
HAADF image of the nanoparticle. d.) the MCR spectral components extracted after 20 iterations. MCR
allows better estimation of the convoluted Zn and Cu edges.
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Table S1. Thickness of copper sulfide layer in heterostructured NCs

Table S1 show the thickness of copper sulfide layer in heterostructured NCs as a function of cation

Reaction time Copper sulfide layer
at 50 °C (minutes) thickness “t” (nm)
5 20 (std. dev. 8%)
15 19 (std. dev. 6%)
30 12 (std. dev. 6%)
75 8 (std. dev. 8%)
150 3 (std. dev. 29%)
240 1.5 (std. dev. 35%)
Final <1

exchange reaction time (a diameter of initial copper sulfide NCs is 22 nm)

Table S2. Linear combination fitting results for the heterostructured NC samples

Sample
(Copper sulfide a, (Cui8:S) b, (Cu,S)
layer thickness, t)

*22 nm 1 0

20 nm 0.03 (+0.05) 0.97 (+0.05)
15 nm 0.15 (+0.03) 0.85 (+0.03)
10 nm 0.74 (x0.04) 0.26 (+0.04)
6 nm 0.80 (+0.05) 0.20 (+0.05)
2.5 nm 0.76 (+0.04) 0.24 (+0.04)
1nm 0.67 (+0.04) 0.33 (+0.04)
<lnm 0.47 (0.12) 0.53 (x0.12)

“roxbyite NC starting material

Table S2 shows the copper K-edge XANES linear combination fitting results as a function of copper
sulfide layer thickness in the NC heterostructures during the chemical transformation from roxbyite to

zinc sulfide.
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Table S3 — Cu K-edge Eo for the heterostructured NC samples, Cu1.s:S, and CuzS

Sample
(Copper sulfide layer Eo (eV)
thickness, t)

20 nm 8980.1 (+0.1)
15nm 8980.3 (+0.1)
10 nm 8980.4 (+0.1)
6 nm 8980.4 (+0.1)
2.5nm 8980.5 (+0.1)
1nm 8980.6 (x0.1)

<1lnm 8980.5 (x0.1)

Cure1S 8980.4 (+0.1)
CuzS 8980.3 (+0.1)

Table S3 shows the binding energy threshold for the copper K-edge (1s electron) in the heterostructured
NC samples, CuisS, and CuzS. All energies were calibrated using a copper reference foil measured
downstream of the sample, the XANES spectra of all samples were aligned on the same energy grid after
calibration. The oxidation state of copper in all the heterostructured samples, Cui S, and CuzS is 1+, as
expected.?

Table S4 — Zn K-edge E, for the heterostructured NC samples, ZnS, and ZnO

Sample
(Copper sulfide layer Eo (eV)
thickness, t)

20 nm 9662.3 (+0.1)
15 nm 9661.8 (+0.1)
10 nm 9661.4 (+0.1)
6 nm 9661.2 (+0.1)

2.5nm 9661.3 (+0.1)
1nm 9661.2 (+0.1)

<lnm 9661.1 (+0.1)
ZnS 9661.0 (+0.1)
Zn0O 9661.2 (+0.1)

Table S4 shows the binding energy threshold for the zinc K-edge (1s electron) in heterostructured NC
samples, ZnS, and ZnO. All energies were calibrated using a zinc reference foil measured downstream of
the sample, the XANES spectra of all samples were aligned on the same energy grid after calibration. The
oxidation state of zinc in the heterostructured NCs, ZnS, and ZnO is 2+, as expected. The larger value of
Eo for sample A can be attributed to the superposition of w(E) contributions from ZnO and ZnS and is not

indicative of a change in oxidation state of Zn.
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Table S5. Calculated total strain energy and strain energy density

Copper sulfide layer thickness (t) | Total Strain Energy (kBar) | Strain Energy Density (J-nm-)

2.2 0.035 3.5E-21

3.3 0.045 45E-21

4.84 0.085 8.5E-21

7.634 0.07 7E-21

12.1 0.045 4.5E-21

16.5 0.02 2E-21

19.8 0.005 0.5E-21
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Methods
Synthesis
Chemicals

All synthesis was carried out in a dry, oxygen-free, nitrogen gas atmosphere by employing standard

Schlenk line and glove box techniques. Acetone (> 99.5%), hexanes (> 98.5%), ethanol (> 99.5%),

toluene (= 99.9%), oleylamine (70%), 1-Octadecene (ODE, 90%) tri-n-octylphosphine (TOP, 97%),

ZnCl; (99.999%), di-tert-butyl disulfide (97%), and CdCl, (99.99%) were purchased from Aldrich.
CuCl,-2H,0 (99.999%) was purchased from Alfa Aesar.

Roxbyite nanocrystal synthesis

The synthesis of roxbyite nanocrystals (NCs) is slightly modified from the standard procedure.! A
mixture of CuCl,-2H,0 (340.8 mg) and oleylamine (59 mL) was vacuumed for 30 minutes at room
temperature and another 30 minutes at 100 °C to remove water and impurities. The solution was then
heated to 200 °C under a nitrogen flow. The solution was maintained at 200 °C for one hour after it
becomes transparent yellow color. The di-tert-butyl disulfide solution (8 mL) was injected into the
solution at 180 °C and the reaction was allowed to proceed for 40 minutes. The solution was quenched
with a water bath and the NCs were collected by centrifugation and washed twice with hexane/acetone.

The roxbyite NCs were kept in hexane.
Nanocrystal cation exchange (Copper sulfide to zinc sulfide)

Concentrated Zn ion solution was prepared by dissolving ZnCl; in oleylamine. A mixture of ZnCl; (500
mg) and oleylamine (20 mL) was vacuumed at 100 °C for 30 minutes and heated to 180 °C. The solution
was kept at 180 °C for 30 minutes under a nitrogen flow. The solution was then kept at 100 °C under

nitrogen.

The roxbyite NC solution was prepared by dispersing dry roxbyite NCs (35 mg) in 7 mL of TOP. This

solution was kept at room temperature in a glove box for 3 hours before the cation exchange reaction.

A separate flask was prepared for the cation exchange reaction. A mixture of toluene (30 mL) and pre-
prepared concentrated Zn solution (9.33 mL) was heated to 50 °C. When the temperature was stabilized,
the roxbyite NC/TOP solution was injected into the Zn solution. Aliquots at different reaction times were
taken and immediately quenched by injecting into cold acetone. The copper sulfide layer thickness as a
function of reaction time is shown in Table S1. For the final sample, the solution was heated to 100 °C

and kept for 10 minutes to facilitate the reaction.
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Nanocrystal cation exchange (Copper sulfide to cadmium sulfide)

A roxbyite NC solution was prepared by dispersing dry roxbyite NCs (5 mg) in 5 mL of TOP. This

solution was kept at room temperature in a glove box for 3 hours before the cation exchange reaction.

A mixture of CdCl; (44.68 mg), ODE (8.75 mL), and oleylamine (8.75 mL) was vacuumed at 100 °C for
30 minutes. Then the solution was cooled down to 50 °C. When the temperature was stable, the roxbyite
NC/TOP solution was injected into the Cd solution. The aliquots at different reaction times were taken
and immediately quenched by injecting into cold acetone. The cation exchange reaction with Cd is much
faster than that with Zn. 2 minutes of the reaction results in a copper sulfide layer thickness of 5 nm (Fig.
S17). The reaction was completed in 30 minutes (final sample). XRD results show that NCs are fully
converted to wurtzite CdS (Fig. S18). Fast kinetics of the cation exchange reaction between copper
sulfide and Cd and the large interfacial strains (~6.8 %) between copper sulfide and CdS result in a less-
controlled morphology than that produced by the transformation from copper sulfide to ZnS (Fig. S17).
The cation exchange reaction from copper sulfide to CdS occurs in 20 minutes while that to ZnS takes
five hours at 50 °C. Additionally, the Cu to Cd ion ratio for the cation reaction is much lower than the Cu
to Zn ratio (Cu:Cd~=1:4 vs. Cu:Zn~=1:20).

Transmission Electron Microscopy

TEM images of the nanoparticle samples were obtained using a FEI Tecnai F12 microscope
operating at 120 keV. At least 100 particles were analyzed per sample to obtain a representative size
distribution. High-resolution TEM (HRTEM) was done using a FEI Tecnai F20 microscope operating at
200 keV.

X-ray Diffraction

XRD (X-ray diffraction) spectra were collected using a Bruker General Area Detector Diffraction
System (GADDS). Average grain sizes within the nanoparticle samples were determined from the XRD
spectra using the Scherrer equation. The correction for instrumental broadening was conducted using the
standard Al,O3z sample.

All the structural analyses of roxbyite phase in our paper are based on the crystal structure of
roxbyite reported in the Canadian Mineral database structure for Cuyg:S*. Since this latest roxbyite crystal
structural details are updated from the one reported in JCPDS 23-0958, the diffraction plane indices in

JCPDS 23-0958 (Fig. 3) are slightly different from the actual lattice planes discussed in our paper.
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X-ray Absorption Spectroscopy

Copper and zinc K-edge x-ray absorption near edge structure (XANES) measurements were
carried out at the bending magnet-based F3 beamline of the Cornell High Energy Synchrotron Source
(CHESS) at Cornell University, Ithaca, NY. CHESS is a 5.3 GeV light source which operates in top-up
mode (positrons) at a ring current of 200 mA. A silicon (220) double-crystal monochromator (DCM) with

an energy resolution (AFE) of ~10*was used to scan x-ray energy across the copper and zinc K-edges.

Uniform thin-film nanoparticle samples were prepared by dispersing the nanoparticles in a small volume
of toluene and drop casting the nanoparticles onto Kapton tape. Cu.S (low chalcocite) and CusS reference
standards were prepared by dilution with boron nitride powder (100/1, w/w) and subsequent mixing and
grinding with a mortar and pestle, the powders were then pressed into pellets. The Cu K-edge XANES of
Cu.S and Cus reference standards were measured at the bending magnet-based C1 beamline of CHESS
using a silicon (111) DCM. The detection mode at both F3 and C1 was fluorescent x-ray yield recorded
using a Hitachi 4-element silicon vortex detector with an XIA DXP XMAP processor. The detector count
rate was kept below 140,000 counts to insure a linear dead-time response. All spectra were normalized to
dead-time corrected lo, measured using an ion chamber upstream of the sample filled with 100% N..
Copper and zinc reference foil standards used for energy calibration were measured in transmission mode
downstream of the sample between two ion chambers filled with 100% N2. All XANES data were
calibrated and normalized using the Demeter Athena XAS software package.® Linear combination fitting

of XANES data was also performed in Athena.

Scanning Transmission Electron Microscopy

High-angle annular dark-field (HAADF) and electron energy loss spectroscopic (EELS) data were acquired
on a 5th-order aberration-corrected scanning transmission electron microscope (Nion UltraSTEM) operated
at 100 kV with a probe forming semi-angle of roughly 30 mrad and a collection semi-angle around 80-240
mrad and 0-60 mrad for HAADF and EELS respectively. A Gatan Enfina spectrometer was mounted above
(beyond) the collection optics of the microscope for simultaneous HAADF and EELS acquisition.
Resolution just below ~1 Angstrom is roughly the information transfer limit for this microscope optimally

operating under these conditions.

Continuum model
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The force balance equation in any continuum is given by

V-o+f=0
where o is the cauchy stress tensor and f is the body force. Assuming a linear model, the stress tensor can
be written as,

Oi5 — Cz‘jk:Jle

where Ciju is the stiffness tensor and ey is the strain tensor which under small displacement assumption

can be written as
1
€ij = §(uz‘,j + uji)

where ujj is the derivative along the direction j of the component i of displacement .

Assuming the material to be isotropic, the stiffness tensor can be written as,
Cijrt = NijOri + p(0ik 650 + di10jk)

where A and p are the Lame parameters and d; is the Kronecker delta function.

The above equations were solved for the spherical nanoparticle using the Finite Element Method (FEM)

with the values of Lame parameters obtained from the DFT calculations.

1
5 /V O’ijéijdv

The elastic energy is given by

Density-functional calculation Method

Density-functional calculations were performed with the Vienna Ab-initio Software Package (VASP)*’
using the PBE exchange-correlation functional® and the projector augmented wave method.® 1° The
Brillouin zone integration was performed using a Monkhorst and Pack k-point mesh.* 3x3x3 k-point
meshes were employed for structural relaxations and nudged-elastic band (NEB) calculations? of the
180-atoms roxbyite structure, 144-atoms low chalcocite structure and the CdS/ZnS structures. The kinetic
energy cutoff for the plane wave basis was set to 400 eV and the corresponding cutoff energies for the

augmentation functions were set to 650 eV for all our calculations. The POSCAR file for roxbyite was
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created from the Canadian Mineral database structure for Cuys:S™ whereas the Materials Project
Website'* was used to get all other POSCAR files. Band gap and dielectric constant calculations were

performed on elongated and compressed lattices to study how these properties vary with strain.
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X-ray Absorption Absorption Near Edge Fine Structure (XANES)®®

XANES describes the modulation of the linear X-ray absorption coefficient, w(E), just above the
absorption edge of an element, in this case the Cu or Zn, by neighboring atoms. When a photon strikes a
material with an energy greater than the excitation energy of a core level electron (Eo) there is a sharp rise
(edge) in the absorption coefficient, W(E), this “edge” arises from dipole allowed transitions (Al £ 1,
where | is angular momentum) of core level electrons into previously unoccupied electronic states®®. In
the XANES region (from 0 to ~50 eV above the edge) the kinetic energy of the outgoing photoelectron is
low, and thus, multiple scattering dominates (for a more rigorous discussion of XANES and multiple
scattering see Supporting Information) which adds a fine structure component to the smooth, step-like,
absorption profile (known as the atomic absorption coefficient, po(E)) which would be observed from a
lone absorbing atom. Therefore, XANES can be thought of as a chemical fingerprint, containing
information about the oxidation state (position of the excitation threshold, Eq) and the local chemical
environment (number of neighboring atoms and local coordination geometry) of the absorbing atom (in
this case either Cu or Zn). Thus, Cu (Zn) K-edge XANES directly probe the oxidation state and local

chemical environment of the Cu (Zn) absorber via 1s — np (n > 4) dipole allowed transitions.

In the XANES region the incident X-ray photon energy is equal to or just above (~10’s of eV) the
absorption threshold Eo resulting in transitions of the core-level electron into previously bound and quasi-
bond states. In a multi-atom system there are scattering contributions to the absorption coefficient x from
all the neighbouring atoms resulting in multiple scattering pathways. The total absorption coefficient u

can be written as a function of energy as

HE) = o1+ 1) @

where wo is the atomic absorption coefficient, n is the number of atoms, and y»(E) contains contributions
to the absorption coefficient from all scattering pathways of n — 1 neighbouring atoms. Thus there is a
strong effect on the amplitude and spectral shape of the XANES spectrum by the local symmetry, crystal

structure, and type of the absorbing atoms.

The absorption coefficient, u(E), is in theory proportional to the probability that an X-ray photon will be
absorbed by an electron in the absorbing atom producing a transition between initial and final quantum

states as described by Fermi’s Golden Rule
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w(EY ~ (il H[p,)| s H = (& - #elED) ©)

where ; is the initial state function which describes a core-level electron, X-ray photon, and no
photoelectron; 1) is the final state function which describes a photoelectron, core-hole, and no X-ray; and
H is the interaction Hamiltonian between the electromagnetic field of the X-ray and the electron. The
Hamiltonian expression includes the electric field vector of the X-ray ¢, the forward scattering vector K,

and the electron coordinate vector r. If we further expand the Hamiltonian we get
H= D+ EP)(k-7)+ 3)

XANES is dominated by the first term in Equation 2-10 which is the dipole component, giving rise to
transitions of core-level electrons from 1s to p final states (K-edge) and 2p to s + d final states (Ls -
edges), etc. which follow the dipole selection rule (Al =+1 and Aj = 0). Although the quadrupole
component (the second term of Equation 2-10) is several orders of magnitude weaker it is highly sensitive
to metal d-electron—ligand hybridization and gives a strong contribution to the K-edge XANES of

transition metals which are observed as weak pre-edge features before the main absorption edge®” 8.

An alternative description of XANES is given by the band structure theory approach described by
Muller and Wilkins?®, where the X-ray energy dependence of the absorption coefficient x can be

described as

mla

mm=%;ww) @
where a is the inverse fine structure constant (a’* = 137.036), Q is the primitive cell volume, V is the
number of atoms that contribute to the primitive cell, and F(E) is the spectral distribution of the oscillator
strength. F(E) contains contributions from both atomic and solid state terms. The observed magnitude and
shape of the XANES spectrum is determined by the atomic transition of a core-level electron and fine
structure in the spectrum is determined by the solid state term which is proportional to the projected

density of states.
LC(Linear combination)-XANES Fitting

Linear combination XANES (LC-XANES) fitting is a common method for determining phase

fraction from XAS, and has been used to study mechanisms of gold bioaccumulation?, iron-monosulfide

25



oxidation?, secondary phases in kesterite Cu,ZnSnS, thin films?2, electrochemical delithiation of LiFePO,%,

and (de)lithiation mechanisms in Li/SeSx (x = 0-7)%.

In order to quantify the Cuis:S and Cu.S contributions to the copper K-edge XANES of the
heterostructure NCs, we fit the absorption coefficient w(E) with a linear combination of Cui.sS (roxbyite)

and Cu,S (djurleite / low chalcocite) reference spectra according to (5),

u(E) = a, .M(E)Cul'gls + bu ' .U(E)Cuzs (5)

where E is the X-ray excitation energy and a, and b, are the weighting factors of Cuis:S and Cu,S,
respectively. Fitting of the absorption coefficient u(E) of the heterostructured NCs was also attempted
using a linear combination of Cus 1S, Cu,S (djurleite / low chalcocite), and CusS reference spectra; however,
it was determined that there are no CusS contributions in the near edge region. The position of E, for the
heterostructured NC samples, the Cuy:S roxbyite NC starting materials, and the Cu,S bulk sample was
~8980 eV, which is consistent with copper in the 1+ oxidation state (Eo for Cu metal is 8979 eV). The
fitting results are shown in Table S2. LC-XANES fitting of NC sample with t = 20 nm is shown in Fig. S7.
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Scanning Transmission Electron Microscopy

The background EELS spectrum was modeled using a linear combination of power laws and a conservative
local background average ranging from 1.5 to 2 pixels FWHM (smaller than the probe width). This provided
a marginal improvement over traditional power law background modeling. These techniques were
implemented using the open-source Cornell Spectrum Imager software and are described in more detail by

P. Cueva et al.%®

The sulfur EELS signal was obtained by integration over the L3 core loss edge after background
subtraction. The copper and zinc L3 core loss edges start at 931 and 1020 eV respectively, with the Zn
signal resting atop part of the Cu edge. To decompose the convoluted spectrum, reference spectrum
obtained from an average of spectra in Cu or Zn regions were obtained and non-negative least square
regression was performed.?® Better quantification of the Zn and Cu concentrations in the intermediate stage
NC—where the Cu SNR was higher—was obtained (Fig. S21a,b) through multivariate curve resolution
(MCR) methods.?-*® MCR was performed over 20 iterations to extract the spectral components—Fig. S21d
shows typical Cu and Zn MCR components.
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