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PbS nanocube (NC) preparation

Pb(NOs), (0.033 g, 0.1 mmol) was dissolved in water (25 ml) at room temperature under Ar.
over 30 mins. the temperature of the solution was raised to 50 °C. Na,S-9H,0 (0.024 g, 0.1
mmol) was dissolved in water (25 ml) and the resulting solution added dropwise to that of
Pb(NOs), by syringe. A black colloidal suspension slowly began to form and was stirred
vigorously at 50 °C for 2 hrs. After this, the black colloidal suspension was cooled to room
temperature. The precipitate was collected by centrifugation and washed using absolute ethanol
(5x25 ml). The obtained black precipitate was vacuum dried in an oven at 70 °C for 2 hours to

obtain the final product as black powder.

Rietveld analysis

One of great triumphs of Rietveld’s powder structure refinement process'-* for x-ray powder
diffraction (XRD) data is to characterize both structure and micro/nano-structure as well as
achieving quantitative phase estimation in multiphase materials. The method involves simulation
by the Marquardt least-square refinement procedure (in terms of an analytical function) of the
experimental XRD pattern, a process that allows the treatment of different
structural/microstructural parameters of each individual phase present in the sample. Since Bragg
reflections always contribute to the intensity (y;) at any arbitrary point,> the calculated intensities

(Yei) can be described according to:

ZLk|Fk|2d>(29i ~20)P A +y,
Yei=S k (1)

where S is the scale factor, k represents the Miller indices (h,k,l) for a Bragg reflection, Ly
represents the Lorentz polarization and multiplicity factors, @ is the reflection profile function,
Py is the preferred orientation function, Fy is the structure factor for the k™ Bragg reflection, A is
the absorption function, and yy; is the background intensity of the i step. In the present work,
Rietveld’s software Materials Analysis Using Diffraction, MAUD (version 2.33)® was used to
simultaneously refine the differnt structural and microstructural parameters governing equation
(1). These included background polynomial coefficients (of degree four in the present case),
atomic coordinates, lattice parameters, phase volume, peak shape parameters, etc. The process of
refinement was an iterative method and the probable value of different parameters depended on
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the goodness of fit (GoF).!** This can be expressed as the ratio of reliable index parameters Rup
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to “‘exp, where weighted residual error

and expected residual error

i . Here, Wi is the statistical weight, Yio and Yie are the observed and calculated
X-ray diffraction intensity, N is the weight and number of experimental observations and P is the
number of fitting parameters. In the present work the value of GoF lay between 1.1 and 1.2 and
this suggested a good quality refinement. In the present case we used the following pseudo-Voigt

(pV) analytical function to fit the experimental XRD data:’

pV(26) = Z I =1+ 5%~ +nexp (- In2 x 5%)]
“1% @)

(26 -26,)
where - HWHM and Tne represents scale parameter of the PV function, 1 is the Gaussianity
of the peak, HWHM is the half-width-at-half-maximum of the peak, 6, is the exact Bragg angle
for Ka; peak. The shape parameter HWHM and the Gaussianity of the true line broadening

function at different scattering angles can be calculated using the crystallite size (D) and

2\1/2
microstrain (%) / ) values of a sample as the fitting parameters.’”® The full-width-at-half-

maximum (FWHM) H can then be modeled as:’
H? = Utan®6 + Vtand + W (3)
where U, V and W are refinable parameters.

Phase identification by XRD
Figure S1 shows the XRD pattern for PbS NCs, reflections being indexed with cubic PbS (ICSD

code 62190, space group, Fm3m, a=5.9143 A) and the peaks being less broad than those of the



SnO, NPs. Peak broadening in PbS is, however, not equal, suggesting anisotropy. Again, a lack
of uniformity in the peak widths indicates particle anisotropy, and the contribution of particle
size and r.m.s lattice strain to peak broadening as a function of crystallographic direction has
been determined (see Table S1 below). Planar defects (faults) such as intrinsic (a'), extrinsic (o)
and twin (B) faults have been estimated both qualitatively and quantitatively for PbS from the
Rietveld analysis. Quantitative estimation of planar defects is expressed through stacking fault

probabilities in 10* lattice planes and is shown in Table S1.
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Figure S1 Observed (Ip, red dots) and simulated (I¢, black line) XRD
patterns (indexed) of PbS NCs. The green line represents Io-Ic.

Table S1 Microstructural parameters obtained for PbS NCs.

Lattice Anisotropic Direction Anisotropic Planar defects(10-#)
parameter particle size lattice strain
(A) (nm) (plane) Intrinsic ~ Extrinsic ~ Twin
(o) (a”) B
4.92 111 0.0139
6.06 200 0.0136
5.97 220 0.0096
5.9163 0.4148 15.00 1.6838
5.83 311 0.0144
4.92 222 0.0139
6.06 400 0.0136




5.80 331 0.0129

6.12 420 0.0122

Figure S2 shows evidence for the presence of stacking faults obtained by Rietveld analysis. Data
reveal that the (111) plane shifts towards high scattering angle whereas the (200) plane shifts
towards low scattering angle. Such behavior is explained by the cumulative effects of stacking
fault probabilities and long range residual stresses;!? this has also been observed in CdZnS

quantum dots.!!
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Figure S2 Shift in nanocube (red) and reference (ICSD database no.
62190, black) XRD maxima for PbS. Arrows show direction of peak
position shift (inset).

Atomic structures and modeling

To study the atomic arrangements in SnO, nanoparticles and PbS nanocubes atomic modeling of
tetragonal SnO, and cubic PbS phase was undertaken. Atomic structures of tetragonal SnO,
nanoparticles are shown in Figure S3. In Figure S3a, SnO4 octahedra are shown and their
position within a unit cell is shown in Figure S3b, the fractional coordinates of Sn and O atoms
being (0, 0, 0) and (0.367, 0.242, 0) respectively. An isolated octahedron is shown in Figure S3c.
Evidencing the fact that the SnO4 octahedra are tilted and exhibit John-Teller distortions by
virtue of the deviation in lattice parameters and fractional coordinates of O atoms from those of

the bulk (powder) SnO, (ICSD database no. 154960). All Sn—O and Sn---Sn distances in bulk
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SnO, are 2.05 A and 3.18 A respectively. In contrast, in the case of SnO, nanoparticles Sn—O
bond lengths are exhibit two distinct values: 2.07 A and 2.09 A. Hence, the length of each of the
equatorial Sn—O bonds (as depicted in Figure S3d) is 2.09 A whilst that of each axial Sn—O bond
is 2.07 A. The lengths of all Sn---Sn non-bonding distances have also increased to 3.26 A.
However, unlike the Sn—O bonds, all the Sn---Sn distances are computed to be equal in SnO,

nanoparticles.

Figure S3 Atomic arrangements of (a) tetragonal SnO, nanoparticles forming
octahedra, (b) the corresponding unit call, (¢) an isolated octahedron and (d) coupled
octahedra.

Figure S4a shows the atomic arrangements in the PbSs octahedral network that forms the basis of
a face centred cubic (fcc) PbS nanocube. A unit cell of the PbS lattice with a lattice parameter of
5.9163 A is shown in Figure S4b, with the Pb atom remaining at the face centred position (Y4, %,
2) and the S atom remaining at (0, 0, 0) position. An isolated octahedron is shown in Figure S4c.
Pb-S bond lengths in the PbS nanocubes are found to be 2.958 A, which is marginally higher
than those in bulk (powder) PbS (ICSD database no. 62190). The extension in the Pb—S bond
length is associated with the expansion of lattice parameter on the nanoscale. The result is that

the octahedral void space in a PbS nanocube is also greater than that in the bulk PbS lattice.



Figure S4 (a) Atomic structure, (b) unit cell and (c) an isolated octahedron of
PbS in a nanocube.

The atomic structures of SnO, and PbS components in a SnO,-PbS nanocomposite are shown in
Figure S5. In Figure S5a, SnO¢ octahedra are shown. In contrast to those in Figure S3, these
octahedra are not tilted and are free from Jahn-Teller distortion. The fractional coordinates for
the Sn and O atoms are (0, 0, 0) and (0.346, 0.184, 0) respectively. An isolated octahedron is
shown in Figure S5b. All Sn—O bond lengths are, at 2.33 A, equal and extended relative to those
in nanoparticulate SnO, (cf. Figure S3d). On the contrary, Sn---Sn distances are, at 3.22 A, equal
and relatively shortened (cf. Figure S3d). The atomic arrangement in the PbS lattice consists of
PbS¢ octahedra and these are shown in Figure S5c. An isolated PbS octahedron is shown in
Figure. S5d. This reveals Pb—S bond lengths in the SnO,-PbS nanocomposite that are equal at
2.99 A. This value is greater than that noted for both bulk PbS and PbS nanocubes.



Figure S5 (a) Atomic structure of SnO, nanocrystals, (b) an isolated SnO,
octahedron in a SnO,-PbS nanocomposite, (c) the atomic structure of PbS
nanocubes, and (d) an isolated PbS octahedron in a SnO,-PbS nanocomposite.

TEM analysis

10 1/nm

Figure S6 (a) Representative TEM image of SnO, nanoparticles and (b) FFT pattern of a single
SnO; nanoparticle (marked by the red circle in Figure 4 in the main manuscript) showing
prominent reflections corresponding to a lattice spacing of 3.30 A.



Figure S7a confirms the formation of ca. 22.5+£2.9 nm wide PbS NCs that result when the
synthetic route to PbS employed throughout this paper is attempted in the absence of preformed

SnO, NPs. Figure S7b reveals lattice fringes (d = 0.30+0.02 nm) for the (200) lattice planes in

nanoscopic PbS.!?
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Figure S7 (a) Dark field TEM image of PbS NCs and the particle size distribution for the sample
(inset) and (b) a representative HRTEM image of a PbS NCs indicating the measured distance
between the lattice planes.

Figure S8 The FFT pattern obtained from the PbS nanocube shown in Figure S7b.



Figure S9 A representative dark field STEM image of the
product obtained by introducing PbS to surface-modified
SnO, nanoparticles.
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Figure S10 (a) Integrated X-ray signal from an EDX spectrum image (Au and Cu attributable to
grid and sample holder) obtained from a region enclosing (b) a representative product
agglomerate, imaged by HAADF-STEM, obtained by attempting the synthesis of PbS NCs in the
presence of surface-modified SnO, NPs. (¢) and (d) Spatial distribution of the corresponding Pb-
Lo and Sn-Ko emissions.
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Figure S11 EDX analysis of SnO,-PbS reveals the spatial distributions
of lead (Pb-La line), tin (Sn-Ka line), sulfur (S-Ka line) and oxygen (O-
Ko line) and suggests nanocomposite formation.

Independent component analysis

STEM-HAADF imaging and EDX spectrum imaging of the SnO,-PbS system revealed
elemental Pb, Sn, O, S X-ray peaks originating from the sample, and Au and Cu peaks
attributable to the 3 mm Au-Cu TEM support grid. The spatial distribution of the other elements
suggested nanocomposite formation and this was explored using principle component analysis
(PCA) and independent component analysis (ICA) of EDX spectrum images (SIs). The EDX SI
data for a representative agglomerate was processed using machine learning methods
implemented in HyperSpy.!® Results are summarized in the paper (Figure 5). The spectral
dimension in the dataset was binned by four from 5 eV/channel to 20 eV/channel in order to
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increase the number of counts per channel, after which a linear variance-stabilizing
transformation for Poisson statistics'* was applied. PCA was performed to identify strong
spectral patterns in the SI dataset. The first five principal components exhibited significantly
greater variance than the remaining components, and were retained for ICA. The first derivative
of each retained PCA spectral component was calculated and ICA was implemented to maximize
their statistical independence. The independent component vectors (IC#0-4) and their weightings

are displayed as spectra and maps respectively in the paper in Figure 5.
Raman spectroscopy

Figure S12 shows the Raman spectrum of PbS NCs at room temperature. It contains bands at 429
cm™!, 602 cm™!' and 967 cm™!. Generally, crystalline semiconductors or insulators reveal Raman
shifts attributable to longitudinal optical (LO) modes, while other modes such as the transverse
optical (TO) and the surface phonon (SP) tend not to be seen due to a combination of symmetry
restrictions and low intensity.!> The 967 cm-! band may therefore be attributed to sulfates present
in the sample on account of laser-induced degradation. This explains why the XRD pattern (see
above) demonstrates cubic PbS but not PbSQ,4.!> The peaks at 429 cm™! and 602 cm™! represent

first and second overtones of the fundamental LO phonon mode (2LO and 3LO, respectively).!¢

(Laser-induced degradation)967,
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Figure S12 Room temperature Raman spectrum of PbS nanocubes.
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X-ray photoelectron spectroscopy (XPS)
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Figure S13 XPS survey spectrum for SnO, nanoparticles. The Cls peak can be tentatively
attributed to surface carbon contamination
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Figure S14 XPS data for SnO, nanoparticles: (a) binding energy
spectrum for Sn3d;!? (b) the binding energy spectrum for Ols can be
attributed to the lattice oxygen in SnO,.!”
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Figure S15 XPS survey spectrum for PbS nanocubes. The
Cls and Ols peaks can be tentatively attributed to adsorbed
gaseous molecules owing to the high surface-to-volume ratio
of the PbS NCs.!8
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Figure S16 XPS data for PbS nanocubes: (a) binding energy spectrum
for Pb4f; (b) binding energy spectrum for S2p is attributable to S(VI).!°
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Figure S17 XPS survey spectrum for SnO,-PbS nanocomposites. The
Cls peak can be tentatively attributed to adsorbed gas molecules and
surface carbon contamination.!®-2

UV-Vis spectroscopy
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Figure S18 UV-Vis absorption spectra of (a) SnO, nanoparticles?!
and (b) PbS nanocubes?>?* in aqueous solution.
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Photocatalytic experiments
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Figure S19 Spectral changes for the A.x = 555 nm absorption of Rhodamine B (a)
irradiating in the absence of nanoparticulate photocatalyst and (b) in the presence of
nanocomposite photocatalyst but without irradiation.
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Figure S20 Photocatalytic data for PbS NCs (5.0 mg of catalyst). RhB absorption
maximum at ca. 555 nm (a), and plots of C/C, (%) for RhB as a function of irradiation
time in the presence of PbS NCs and SnO,-PbS nanocomposites (b) and In(Cy/C) as a
function of irradiation time in the presence of PbS NCs and SnO,-PbS nanocomposites (c)
(Cp and C are the concentrations of dye before and after irradiation, respectively). The
apparent rate constant for pure PbS NCs was determined to be 2.3 x 1073 min'.
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Fluorescence Intensity of TAOH at 425 nm

4- ]
3
©

o 3-

e
X
2 [ |
2 24
2
£ [ |

14

0 5 100 150
Irradiation time (min)

Figure S21 Fluorescence intensity at 425 nm against illumination time for TAOH.
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Figure S22 Absorption by aqueous Rhodamine B in the presence of standard
photocatalyst TiO, Degussa P25 (5.0 mg).



BET surface area analysis
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Figure S23 Nitrogen adsorption-desorption isotherms (P and P are the
equilibrium and the saturation pressures of N, at the temperature of
adsorption) for SnO, nanoparticles, PbS nanocubes and SnO,-PbS

nanocomposites. For PbS, Sge = 39.1641 m2g’!, pore vol. = 0.313853,

mean pore size = 24.3725 nm.
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