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ABSTRACT: Zinc oxide (Zn0) is a largely investigated semiconducting nanomaterial for photocatalytic applications and is an
excellent active layer candidate in photovoltaics. Among native defects, having a primary role in ZnO optoelectronic proper-
ties, the influence of nearly ubiquitous planar faults of wurtzite sequences in ultrasmall (<5 nm) nanocrystals (NCs) remains
poorly understood. Here, we present a thorough study of ZnO NCs prepared under morphological control of covalently grafted
vinyltrimethoxysilane (VTMS) and exhibiting either narrowing or widening of the band gap upon NCs downsizing, depending
on NCs growth rate. By using synchrotron X-ray total scattering data, atomistic models and the Debye Scattering Equation
(DSE) method, complemented by spectroscopic (FTIR and UV-vis) investigations, we provide a comprehensive quantitative
picture in which effects from planar defects are disentangled from those due to NCs size, morphology and lattice strain (here
controlled by preferential binding of VTMS on the ZnO basal faces). When faults occur in high concentration (linear density
up to 1.6x106 cm1), NCs exhibit optical band gap narrowing (3.27 eV vs 3.37 eV in bulk ZnO), whereas gap widening (3.52 eV)
is observed at lower density (0.8x10¢ cm), where quantum-size confinement effects prevail. Supported by photolumines-
cence and photodegradation experiments, surface defect passivation by VTMS, affecting visible emissions and photocatalytic
properties of ZnO, is also discussed in relation to silane coating and fault-driven bandgap. This work sheds light on the com-
plex interplay among planar defects, quantum size effect and surface modifications in ultrasmall ZnO NCs and on the im-
portance of advanced X-ray total scattering methods towards atomically precise control of defects in nanostructures.

ture processability, jointly to a variety of preparation meth-
1. INTRODUCTION ods for the control over NPs size and morphology, surface
modification, stability and toxicity issues.17-2>
Among these, grafting by organosilanes has been emerging
as an extremely attractive strategy.!>26-32 Besides the ad-
vantage of rapid formation of stable covalent bonds be-
tween the NCs surface and the alkoxysilane anchoring
groups (supported by IR and NMR investigations),26:33.34 a li-
brary of flexible residuals acting as end-group can be used
for further tuning the ZnO NCs physico-chemical properties.
Relevant cases of study and application include: ami-
nopropyltriethoxysilane (APTS-modified ZnO NCs were im-
plemented as the active layer of new hybrid light emitting
devices with optimized performances)3' and 3-ami-
nopropyltrimethoxysilane (APTMS-grafted ZnO NCs were
successfully used as the electron transport layer in inverted

Zinc oxide (ZnO) nanoparticles exhibit uncommon optoe-
lectronic properties attracting, over the last decades, a deal
of attention likely equated (for semiconducting oxide nano-
materials) only by titanium dioxide nanoparticles. Na-
noscaling and nanostructuring have intriguingly expanded
the well-known intrinsic properties of bulk ZnO (wide di-
rect band gap, 3.37 eV, and high exciton energy, 60 meV)
that make it an excellent candidate material for UV applica-
tions,!-3 with gained interest in a wider range of fields (pho-
tovoltaics, catalysis, chemical and bio-sensing, light emit-
ting devices, lasing, thermoelectrics, surface plasmonic res-
onance).*-1¢ The material versatility is further favoured by
cost-effective large-scale ZnO production and low tempera-
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organic solar cells, with very promising results for roll-to-
roll printing photovoltaics);3?  vinyltrimethoxysilane
(VTMS)2? and 3-(trimethoxysilyl)propylmetacrylate
(MPS),?8 with enhanced photoluminescence; the hydropho-
bic hexadecyltrimethoxysilane (HDS) and hydrophilic APTS
bilayers with high stability in aqueous media and tunable
fluorescence for tissue imaging;!> the 3-(glycidyloxypro-
pyDtrimethoxysilane (GPTMS) showing increased antibac-
terial activity and cytotoxicity in human cancer cells at very
small NPs size.30

One intriguing property of VTMS-grafted ZnO NCs,?° ob-
served also with MPS grafting,?8 is the unusual decrease of
the energy optical band gap upon NCs downsizing (< 5 nm),
in contrast to what expected for quantum confinement ef-
fects. In the present work, we focus on this mesmerising
property of VTMS-grafted ZnO NCs, with the aim of shed-
ding light on its origin and further investigating the possible
influence on surface defects passivation. With reference to
the characteristic emissions of ZnO, they are typically ob-
served in the near UV (attributed to radiative recombina-
tion of electron-hole from conduction-valence bands or ex-
citons bound to shallow donors),3* and in the green visible
region (due to recombination from localized states that,
though highly debated, are mainly ascribed to vacancies and
to the deep trap states generated therefrom).3¢ Native de-
fects are known to have a primary role in ZnO optoelec-
tronic properties, particularly those related to Zn and O va-
cancies and interstitial atoms.37-4!

As found in many other II-VI semiconductors, stacking
faults (SFs) are one of the most common structural defects
in Zn0.#2 Nonetheless, their clear-cut effect on the bandgap
energy of NCs is poorly understood, owing to the interplay
with effects controlled by finite-size (quantum confine-
ment),*3 morphology and large specific surface area (where
vacancy defects are mostly located).

The hexagonal wurtzite-like structure (built upon hcp Zn
and O sub-lattices) is highly stabilized by the formation of
short distances between ions of opposite charge in the
eclipsed configuration of ZnOas-tetrahedra,*> making the
wurtzite packing the (solely known) stable ZnO polymorph
at ambient conditions. Nevertheless, mistakes due to the
formation of layers with the staggered (zincblende type) cu-
bic configuration are common, particularly in low-tempera-
ture preparation methods and in the absence of robust post-
synthetic thermal treatments. Compared to other II-VI sem-
iconductors, the SF energy is quite high in ZnO (100 m] m-2
vs 14 m] m2 in CdSe).#* The density of planar defects is typ-
ically reported within 1-2% (that is, ca. 0.4 to 0.8x106 cm,
in bulk or annealed ZnO NCs few tens of nm large), making
them easily detectable, for example, by X-ray analysis.*>-#7
SF concentration as high as 10® cm™ in micrometre-long
nanowires were also measured via helium ion microscopy
(HIM) with sub-nanometre resolution.*8

In bulk ZnO, computational studies suggest that a high den-
sity of planar defects (> 1.0x10¢ cm') may lower the con-
duction band level, therefore suggesting a feasible origin for
the band-gap narrowing detected in VTMS-grafted ZnO
NCs.* However, elucidating the precise influence of nearly
ubiquitous planar defects on the optoelectronic properties
of ultrasmall ZnO NCs remains a highly challenging task.
Here, we performed an in-depth characterization of VTMS-
grafted ZnO NCs prepared with increasing amount of silane

(Si/Zn molar ratio in the 0-15% range) and provide a quan-
titative and comprehensive determination of intermingled
atomic-to-nanoscale features, such as size, morphology and
density of planar defects. To this aim, we applied an ad-
vanced data-analysis procedure based on synchrotron Wide
Angle X-ray Total Scattering (WAXTS) data in combination
with the Debye Scattering Equation (DSE) method,>%5! and
an originally developed atomistic model of ZnO NCs where
size, morphology, stacking faults and lattice strain were
jointly considered within a unified description.

WAXTS analysis remains unique in exploring defectiveness
at atomic resolution while simultaneously providing statis-
tically robust measures of nanometre-scale distribution
properties of the ensemble, offering a powerful multiscale
approach (yet not fully exploited).505253 Notably, through
synchrotron experiments, all sources of scattering (from
the sample and environment) can be precisely controlled.
On the modelling side, the DSE is a unique tool for calculat-
ing both Bragg and diffuse X-ray scattering (using the set of
interatomic distances computed from the atomistic model,
as detailed in the Experimental Section) in reciprocal space,
enabling calculated and experimental patterns to be di-
rectly matched.

Presently, WAXTS and customized DSE-based analysis have
been successfully developed for different classes of engi-
neered nanomaterials, ranging from metals to metal oxides,
bioceramics, lead halide perovskites and also II-VI quantum
dots with a high density of planar defects.>*-62 Herein, we
developed the approach for VTMS-grafted ZnO NCs; the in-
fluence of the crystal growth rate on the structural defects
(beyond size, morphology and surface modification), was
further investigated in samples isolated after either fast (3
hours) or slow (one week) maturation in the reaction solu-
tion. We present a comprehensive analysis of these two se-
ries. Results are discussed in relation to changes in the op-
tical band gap energy and photoluminescence (by UV-vis re-
flectance and PL spectroscopy), and in photodegradation
experiments.

2. EXPERIMENTAL SECTION

Materials. Zinc acetate dihydrate (purity > 98%), methanol, vi-
nyltrimethoxysilane (purity = 98%) and potassium hydroxide
were purchased from Sigma Aldrich and used without further pu-
rification.

Synthesis of ZnO NCs. ZnO nanoparticles were synthesized ac-
cording to a method reported in literature.3* Briefly, in 10 mL of
methanol heated to 55 °C, different amounts of vinyltrimethox-
ysilane were added in order to reach the Si/Zn molar ratio of 0%,
2% (33 mg), 5% (82.50 mg), 10% (165 mg) and 15% (247.50 mg).
After a further heating to 60 °C for 10 min, 2.45 g of zinc acetate
dihydrate was added in the reaction vessel. Ten minutes later, a
basic solution of 1.25 g of potassium hydroxide separately dis-
solved in 5 mL of methanol, was added dropwise. The white sus-
pensions so obtained were stirred for 3 hours under reflux. After
this time, the suspensions were cooled down and centrifuged
(9000 rpm, 10 °C, 5 min), washed with three portions of methanol,
and finally dried at 100 °C in an oven for 3 hours. The correspond-
ing supernatant solutions were allowed to stand at room tempera-
ture, and after one week, new white and dense suspensions were
obtained upon almost complete evaporation of methanol. They
were washed with several portions of methanol and distilled water
with centrifugation, then they were collected and dried at 100 °C
in an oven for 3 hours. Samples isolated from the fast precipitation

2



are labelled as Six@ZnOrast, those isolated from the slow precipita-
tion as Six@ZnOsiow, where x is the Si/Zn molar ratio (x=0, 2, 5, 10
and 15%).

Synchrotron Wide Angle X-rya Total Scattering experi-
ments (WAXTS). WAXTS measurements of Six@ZnOfast and
Six@ZnOsiow samples were collected at the X04SA-MS beamline®3 of
the Swiss Light Source (Paul Scherrer Institute, Villigen, CH) on dry
powders loaded in 0.5 mm-diameter certified quartz capillaries.
The operational beam energy was set at 22 keV (A = 0.564184 A)
and precisely determined using a Si powder standard (NIST 640d,
a0 = 0.543123(8) nm at 22.5°C). WAXTS data were collected in the
0.2-19 A1 Q-range using a single photon counting silicon mi-
crostrip detector (MYTHEN II),%4 on the samples, the empty glass
capillary and the environment (air), the last two to be subsequently
subtracted from the sample patterns. The transmitted beam inten-
sities from the filled capillaries were also measured in order to es-
timate the samples absorption coefficients, while the computed X-
ray attenuation factors from the nominal composition were used
for the empty capillary. Angular dependent intensities corrections
to the raw data were applied, using locally developed routines.53
The inelastic Compton scattering signal was added as an additional
model component during the data analysis. For the DSE-model re-
finements, the 0.6-17 A-1 Q-range was used.

The Debye Scattering Equation (DSE)-based approach. The
DSE provides the average differential cross-section of a randomly
oriented powder from the distribution of interatomic distances be-
tween atomlc pairs, within the sample:5!
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where Q=2mq, q=2sin0/A is the magnitude of the scattering vec-
tor, A is the radiation wavelength, f; is the X-ray atomic form factor
of the element at site i, dj is the interatomic distance between
atomic sites i and j, N is the total number of atomic sites and Tiand
o; are the thermal atomic displacement parameter and the site oc-
cupancy factor associated to each atomic site, respectively.

The standard DSE-based analysis performed by the DebUsSy
Suitess is based on a bottom up, two-step approach. Populations of
atomistic models of NCs of increasing sizes are generated in the
first step, according to one (D, isotropic NCs) or two (Da» and L,
anisotropic NCs) growth directions. Equi-spaced Gaussian sampled
interatomic distances and pseudo-multiplicitiesé¢ are encoded in
suitable databases, speeding up the DSE calculation. Structural (7,
o0, strain parameters) and microstructural parameters (average
sizes and their standard deviations according to a mono- or bivari-
ate lognormal law) are refined against the experimental data in the
second step, through an iterative procedure based on the Simplex
method and standard x2 minimization.6?

ZnO NCs stacking faults modeling. The close-packed hexago-
nal (hcp) structure of ZnO can be described by the stacking of dou-
ble layers of (001) planes along the [001] direction. According to
Pandey’s notation,58 the letter h indicates a hexagonal sequence
and k a cubic one (an hcp stacking of planes becomes: ...hhh... and
a fec: ..kkk...). A mistake introduced in the regular stacking se-
quence will result in a basal-plane stacking fault, within the ZnO
crystal structure. Growth faults occur with a single interruption of
the regular stacking sequence (Figure S2, ...AaBbAaBbCcBbCc... or
...hhkh...); when two violations of the stacking rule appear, the mis-
takes are termed deformation or intrinsic stacking faults (Figure
1d: ...AaBbAaBbCcAaCcAaBb... or ...hhkkh...).

The presence of such defects necessarily breaks the long-range
periodicity of the NCs and demands the implementation of a “non-
periodic” approach in order to model the WAXTS data. The pres-
ence of SF was taken into account in the atomistic model construc-
tion of ZnO NCs by assuming that any location of one or more faults
in the atomic layer sequence has the same probability to occur.
However, the percentage of defects in a material is typically un-

known and implies, on the modeling side, a description with ad-
justable fault density. According to the DebUsSy Suite®s strategy, we
developed a method with affordable CPU-time to deal with low SF
density NCs, such as ZnO (expected values are in the 1-6% range).
A detailed description of this approach, also applied to metallic
faulted Pt NCs, can be found in ref. 57; adaptations to the ZnO case
are detailed in the Supporting Information file.

Accordingly, we built bivariate population of atomistic models
of ZnO by convoluting the lattice nodes enclosed within a hexago-
nal surface of each basal plane with the ZnO unit (Figure 1b). This
layer-by-layer construction allows the automatic generation of
both regular and faulted stacking sequences along the [001]
growth direction. This model includes the generations of all the
possible combination of hexagonal bases and clusters heights
(along the stacking direction), being the step between two consec-
utive sizes the diameter of the circle of equivalent area in ab (first
growth direction) and two atomic layers along ¢ (second growth
direction).

Multiple populations of hexagonal shaped NCs were built (and
encoded in suitable databases of Gaussian sampled interatomic
distances), each of which refers to a selected deformation fault
density, a, up to the maximum value of 6.0%, in steps of 0.5%. Con-
sidering the suitable unit transformations, the stacking fault den-
sity a is easily translated into the linear density 2a/c 106 cml,
where ¢ = 5.60 A is the ZnO c axis length. Our original strategy to
the problem relies on the assumption that a single defect per clus-
ter forms within the bivariate population of NCs; the desired SF
density is obtained by properly weighting the sampled interatomic
distances of (equal-sized) faulted and unfaulted (i.e. periodic) clus-
ters through a linear combination of their multiplicities, ending up
with a single set of multiplicities for each NC size representing the
“average” deformation (further details are given in the Supporting
Information file).

FTIR spectroscropy. Fourier Transform Infrared spectra
(FTIR) were recorded from 4000 to 650 cm-! with a Perkin-Elmer
Spectrum 100 instrument by total reflectance on a CdSe crystal
(resolution of 4 cm-1). FTIR spectra of unmodified and VTMS-
grafted ZnO nanoparticles prepared at Si/Zn molar ratio = 0 - 15%
show the presence of a wide band centered at 3400 cm! that is as-
signed to the stretching modes of -OH groups exposed at the ZnO
NCs surface and eventually to the presence of physisorbed wa-
ter.26316970 Two intense peaks at 1570 cm'! and 1417 cm! are as-
cribed to the asymmetric and symmetric stretching modes, respec-
tively, of -COO- moieties of residue acetate groups, not completely
removed after the washing procedure.2631 FTIR spectra of the
VTMS-capped ZnO samples show two additional bands at 960 cm-
1and 880 cm! (the latter becoming more intense while increasing
Si/Zn amount) which are attributed to Si-O(H) from partially hy-
drolysed VTMS and symmetric Si-O-Si stretching vibrations, re-
spectively.2669.71 The Zn-0-Si vibration is assigned near 670 cm! on
the basis of the literature.”2

The absence of the 960 cm! peak in the Si2@ZnOsiow indicates
the lack of (residual) silane grafted to ZnO NCs. The weak and
broad band at 880 cm, occurring in unmodified ZnO NCs is as-
cribed to vz and va bending modes of CO327374 due to CO2 adsorp-
tion on the zinc oxide surface, forming chelating or bridging car-
bonate species.”s

Optical measurements. A Fluorolog iHR 320 Horiba Jobin Yvon
spectrofluorimeter equipped with a PMT detector was used to ac-
quire the steady-state PL spectra from solutions. Transmittance
spectra were acquired at room temperature with a Perkin Elmer
(Lambda 35) UV-vis-NIR spectrophotometer, operated in air, at
normal incidence, in the 190-1100 nm spectral range. Specimens
were prepared by dispersing the obtained nanoparticles by soni-
cation in isopropanol and depositing as thin films on glass sub-
strate by spin coating (2000 rpm, 20 s).

Photocatalytic degradation of methylene blue. The photo-
catalytic activity of VTMS-grafted ZnO NCs was evaluated through
the bleaching of methylene blue (MB) aqueous solution (20 mL,
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0.1%) in the presence of 0.05 g of powder, under UV illumination
at 365 nm for 60 min. The bleaching of MB aqueous solution was
quantitatively measured by UV-Vis absorption spectra performed
with a Microplate reader with fluorescence spectrometer Infinite
200 PRO NanoQuant (Tecan, Switzerland), in the 400-800 nm
range. The photocatalytic activity of the prepared ZnO photocata-
lysts was quantitatively evaluated by determining the photodegra-
dation efficiency (M%) of MB:

A —A

0

-100

n=

where Ao is the absorbance of the dye-containing solutions be-
fore UV illumination and A is the absorbance of the same solutions
after UV illumination.
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Figure 1. X-ray calculated patterns of ZnO NCs illustrating different correlated sources of peak broadening. (a, b) Anisotropic
morphology of hexagonally shaped (defect-free) wurtzite ZnO NCs at increasing Aspect Ratio (AR = L¢/Dab), narrowing the 002
peak and concurrently widening the 100 and 110 peaks; (c) planar defects at increasing density a of stacking faults, acting along
specific (101, 102, 103) crystallographic directions; d) schematics of cubic plane defects (k) breaking the regular wurtzite stacking
(h) of Zn (grey) and O (red) alternating layers along the [001] axis. Larger a values do not modify the intensity of the 100 and 110
reflections that are strongly affected by morphology; e) isotropic lattice strain broadening particularly effective in the high Q
region; f) integral breadth () vs 26 showing the angle-dependence at different strain parameter values € jointly to the finite-size
component. All patterns are calculated using nearly equal volume NCs (125 nm3) and AR = 0.9 in (c,e).

3. RESULTS AND DISCUSSION

X-ray fingerprinting of morphology and stacking faults
in ZnO NCs. VTMS-grafting has been reported to have a
great control over ZnO nanoparticle size. Upon increasing
the amount of silane, nearly spherical particles a few nano-
metres wide have been imaged (Figure S1). At this very
small size, control over the NCs morphology remains poorly

investigated, partially due to aggregation phenomena limit-
ing the analysis through imaging techniques. Even more dif-
ficult, under these circumstances, is the direct visualization
(and quantification) of planar defects. In this work, we were
interested in quantitatively extracting a number of struc-
tural and microstructural properties from WAXTS experi-
ments performed on VTMS-grafted ZnO NCs, using the DSE
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method of analysis. To this aim, a comprehensive atomistic
model for ZnO NCs was developed (see Figure 1), jointly en-
coding: i) the wurtzite crystal structure with basal-plane de-
fects breaking the regular hexagonal sequence, ii) the Den
prismatic morphology with independent sizes along the ¢
axis (Lc) and in the ab plane (Das, the diameter of the circle
of equivalent area to the hexagonal base) and iii) additional
size/surface-driven lattice strain.

Since these structural features may have severe overlap-
ping effects in the X-ray pattern of 5 nm ZnO NCs, we sepa-
rately illustrate in Figure 1 their fingerprinting features by
means of DSE calculated patterns (in the 2.0 - 5.0 A1 Q
range) from well-controlled ZnO atomistic models, as an ex-
ploratory step to the complex analysis of the experimental
data. All calculations refer to equal volume models (ca. 125
nm?) leading to signals on the same scale, the size of which
is in line with the smallest VTMS-grafted particles of this
work.

In Figure 1a we used hexagonally shaped, ideal (defect-free)
wurtzite ZnO NCs described by the L, Das pairs, to show the
effects related to the anisotropic morphology. Slightly dif-
ferent (strictly monodisperse) NC sizes in Figure 1b, sam-
pled at about 1 nm along the c axis and 0.6 nm in the ab
plane (Lc = 6.26,5.21 and 4.17 nm, Da» = 5.03, 5.62 and 6.21
nm, from left to right) are chosen to verify the DSE capabil-
ity to capture even tiny Aspect Ratio (AR = Lc/Das) varia-
tions, from 0.7 to 1.2. Detectable changes of Bragg peak
widths are observed, dependent on the crystallographic di-
rection. Upon increasing AR, the 002 and (to some extent)
103 peaks (carrying information on the coherent domain
size along the c axis), progressively get narrower while the
100, 101 and 110 peaks simultaneously widen (due to the
NCs domain extension in the orthogonal ab plane). These
peculiar features are typically smeared out by size disper-
sions in real samples, a non-negligible effect in synthetic
methods lacking a strict control of nucleation rates and
crystal growth conditions.

The previous calculations are particularly useful in view of
disentangling morphological and planar defect effects, as il-
lustrated in Figure 1c-d. Figure 1d exemplifies the case of a
single mistake in the regular wurtzite stacking (h) intro-
duced by double cubic (kk) layers randomly located along
the [001] axis (Pandey’s h and k notation is adopted for se-
quence identification).®® Details of the atomistic model con-
struction of faulted ZnO sequences and computational is-
sues for the DSE calculations are provided in the Experi-
mental Section. Based on experimental evidence and previ-
ous considerations about the SF energy in ZnO, and in line
with literature reports, SF densities (a) up to 6% were in-
vestigated within the model, meaning that few individuals
are likely to be faulted within a large ensemble of unfaulted
NCs of equal size. We applied the random probability model
for the fault location in the sequence, according to Warren'’s
theory.”¢ Though such theory was developed for infinite se-
quence of layers, previous applications to CdSe zinc-blende

quantum dots (based on atomistic models and DSE analy-
sis) demonstrated the validity also at the nanoscale for in-
trinsic SFs.5°

According to the random approach, any fault location in the
ZnO sequence has the same probability to take place, which
(slightly) affects the X-ray pattern calculation. All possible
configurations were therefore considered (within the re-
duced NCs length of 20 - 25 layers) and, to account for the
“low” density of SFs, they were further “diluted” by a large
number of unfaulted sequences of equal size, leading to the
average DSE calculated pattern representative of each NC.
According to this approach, a counts the number of k layers
over the total number (h+k) in faulted and unfaulted NCs of
our model. The lateral NCs size has no influence on the a
value, due to the equal extension of faulted and unfaulted
planes.

Figure 1c shows the DSE simulations in NCs with AR = 0.9
(see Figure 1b) at a = 2% and a = 4%, in comparison to the
unfaulted case (a = 0). We notice that 100,002,110 and 112
peaks (hkO or hkl with I = 2n and h-k = 3n) are substantially
unaffected by the fault, whereas the 101, 102 and 103 peaks
broaden upon increasing o, in line with Langford et al 5 and
Wilson'’s rules”” derived for ZnO and hcp metals, respec-
tively. No angular shift of Bragg peaks is observed (as pre-
dicted by Warren'’s theory in hcp crystals 7¢), meaning that
SF information is confined in peak broadening only (in con-
trast to the fcc structure).*>7¢ These observations also sug-
gest possible correlations between a and L: NC size that
must be taken into account in the data analysis. Worth to
note, similar broadening effects are obtained when growth
faults (single k layer) are considered, as demonstrated in
Figure S2.

Figure le-f displays an additional source of peak broaden-
ing appearing in the VTMS-grafted ZnO WAXTS data. Linked
to lattice (micro)strain, it indicates a distribution of the lat-
tice periodicity about an average value within the sample.
Considering the small NC sizes of the present work, we rea-
sonably attribute the origin of the (micro)strain to surface-
driven effects due to the VTMS grafting. We show in Figure
1le, isotropic strain broadening (within a Gaussian approxi-
mation) particularly effective in the high Q region, con-
trolled by the adimensional parameter € = <&i?>1/2 (¢; being
the relative radial inflation/deflation of the lattice for the i-
th crystal within the sample).”8-8° The angular dependence
is graphically displayed as a continuous curve of the peak
integral breadth () vs 23 (Figure 1e) at € = 0.5% and 0.9%
(values suggested by the experimental data analysis). The
strain-free curve, calculated for an equal average crystal
size as that of previous DSE simulations, is provided for
comparison. Worth of note is the strain influence on Bragg
peak tails, possibly hindering evaluation of size dispersion
effects.
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Figure 2. FTIR spectra and synchrotron X-ray data of unmodified and VTMS-grafted ZnO nanoparticles measured on Six@ZnOtast
and Six@ZnOsiow samples at increasing organosilane content (x = Si/Zn molar ratio, in the 0 - 15% range). a,b): the wide band
centred at 3400 cm-! is assigned to the stretching mode of -OH groups. Two intense peaks at 1570 cm-1 and 1417 cm-! are ascribed
to the asymmetric and symmetric stretching modes of residue acetate groups. FTIR spectra of the VTMS-capped ZnO samples
show two additional bands at 960 cm-! and 880 cm-! attributed to Zn-8-Si Si-O(H) and symmetric Si-O-Si symmetrie stretching
vibrations, respectively (further details are given in the Experimental Section). c) Wide-angle X-ray pattern sequences showing
peak broadening upon Si/Zn increase. d) Blow-up of the 100, 002 and 101 peaks in the low-Q region for Six@ZnOrst and
Six@ZnOslow pairs. At Si/Zn > 10%, Bragg peaks become wider in the fast than in the slow series. Signals are shifted upwards for

sake of clarity.

As later discussed, if neglected or poorly estimated, strain
broadening can lead to biased average size and distribution
parameters, whereas it has a minor direct influence on SF
density determination.

Spectroscopic and WAXTS preliminary analyses. VTMS-
grafted ZnO NCs were prepared by slightly modifying a re-
ported synthetic method, where silane is present in the re-
action solution during the NCs growth (see Experimental
Section for details).33 Two distinct series of specimens were
isolated, corresponding to a rapid (Six@ZnO+s) and slow
(Six@ZnOsiow) crystallization process from the same initial
solution, at variable Si/Zn molar ratios (x=0, 2, 5, 10, 15%).

FTIR spectra are shown in Figure 2a-b for unmodified and
silane-modified ZnO NCs. The two intense peaks at 1570 cm-
Tand 1417 cm™ appearing in all samples are ascribed to the
asymmetric and symmetric stretching modes of -COO- moi-
eties of residual acetate groups, not completely removed af-
ter the washing procedure. The appearance of two addi-
tional bands at 960 cm™ and 880 cm! indicates the for-
mation of Si-O(H) from partially hydrolysed VTMS and Si-
0-Si bridges around the ZnO core, respectively, the latter
confirming that condensation between the methoxy groups
of VTMS and the hydroxyl groups from ZnO surface took
place in both series.266%71 A parallel rise of the intensity of
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these new bands is observed in the two series upon increas-
ing the silane amount, though rather weak in Six@ZnOsiow
for x <5%. These findings suggest that a very minor amount
of silane is also bound to ZnO in the slowly precipitated
samples at these Si/Zn molar ratios.

WAXTS data, collected on the dry nanopowders, are shown
in Figure 2c. Upon increasing the silane amount, Bragg
peaks broaden indicating the successful isolation of pro-
gressively smaller ZnO NCs in both series (Figure 2c), ap-
parently without any substantial difference between the
two. However, the blow-up of homologous data in Figure 2d
(in the significant 2 - 3 A1 Q region) shows broader peaks
in Six@ZnOsiow above 5% Si/Zn ratio, in agreement with IR
spectral changes. As briefly discussed in the previous sec-
tion, X-ray peak broadening is caused by a combination of
multiple effects, the interpretation of which was pursued on
a quantitative model basis. To this aim, a sophisticated X-
ray total scattering pattern model was built, avoiding (as
much as possible) phenomenological components and tak-
ing care of possible parameter correlation issues during the
analysis, as detailed in the next section.

A comprehensive DSE-based model of ZnO nanocrys-
tals. Hexagonal (Dsn) prismatic NCs (as those shown in Fig-
ure 1b) were generated according to a discrete bivariate
population where each NC is univocally identified by the L.,
Dap pairs. Faulted NCs were obtained by inserting double-k
basal deformations (intrinsic SFs) in the wurtzite sequence,
as illustrated in Figure 1d. All these features were encoded
as sampled interatomic distances and stored in suitable da-
tabases for the subsequent WAXTS data analysis using the
Debussy Suite® (see the Experimental Section for details).
The deformation fault was selected (among other possible
options, such as growth and extrinsic faults) also in agree-
ment with DFT calculations reporting that this kind of pla-
nar defects affects the conduction and valence bands of bulk
ZnO eventually resulting in the band gap narrowing.#° The
occurrence of organosilanes bound to the ZnO surface was
neglected in the model for two main reasons: 1) the struc-
turally disordered and swinging silanes coating the ZnO
core are expected to weakly contribute to the X-ray pattern
with an amorphous-like halo; 2) such disordered silane
outer layer is difficult to model within a population of NCs.

WAXTS data analysis relied on an iterative procedure
where the DSE calculated pattern is optimized against the
experimental one, based on the Simplex method and stand-
ard 2 minimization.®” A total of seven parameters were ad-
justed for the NCs population of each sample. These include
pairs of average size and standard deviation (L, 0¢), (Dab,
oap) along the two NCs growth directions according to a bi-
variate lognormal distribution function, the inclination an-
gle ¢ of the size-distribution map (elliptical in the log-log
scale), and the isotropic atomic thermal displacements Bzx
and Bo (in the form of Debye-Waller B-factor). Once relaxed,
oxigen vacancies never deviated from unity and, therefore,
were fixed to 1 during the final model optimization. The fit-
ting procedure is here exemplified for the VTMS-grafted
ZnO NCs at the maximum Si/Zn ratio (Siis@ZnOgst and
Si1s@ZnOsiow), bearing the smallest size and the highest de-
fects concentration. Figure 3a-d shows the corresponding
best fits, which are gathered in the Supporting Information
(Figure S3) for the other samples. The size distribution
function is graphically represented in the insets of Figure

3a-d as a two-dimensional (2D) map in the (Das, Lc) coordi-
nates, where the mass-based fraction of each NC within the
population is given in colour code. Average NCs length
(<L¢>) and cross section (<Dap>) are calculated from projec-
tions onto the corresponding axis; the correlation coeffi-
cient (from the variance-covariance matrix) measures the
possible correlations between growth axes.8! Size-related
values for unmodified and silane-modified samples are col-
lected in Table S1 and Table S2. Their dependence on the
Si/Zn ratio is later discussed, jointly to the other model pa-
rameters.

Exploring fault density and lattice strain. The two-steps
approach used for the database generation and data analy-
sis is a key point for speeding up the calculations, however
itdiscourages the iteration on those parameters that modify
the set of interatomic distances, requiring cyclic database
restoration (unaffordable in terms of computational time).
These include the SF density a and the lattice strain € pa-
rameters. Taking into consideration also parameter corre-
lation issues, optimization of a and & was tackled through a
grid search approach exploring the Goodness of Fit (GoF =
\ x2) statistical descriptor vs « and € at the nodes of a 2D
grid, in amodel where all other (size and structural) param-
eters were relaxed (Figure 3c-f). Distinct databases were
generated for each SF density, whereas the strain broaden-
ing was accounted for through a convolution approach. In
the samples with the smallest particles (at Si/Zn molar ra-
tios > 10%) the two-dimensional exploration spanned the
a values in the 0.0 - 6.0% range, in 0.5% steps, and the €
values in the 0.0 - 0.9% range, in 0.15% steps. Though rela-
tively shallow, distinct minima are noticeable at a = 4.0% in
Sits@ZnOms (Figure 3c), o = 2.0% in Sits@ZnOsiow (Figure 3f)
and € = 0.7% in both samples, eventually suggesting a role
of the NCs growth mode in the SF density at nearly compa-
rable sizes. The best a and € values of each sample (collected
in Table S3) are discussed jointly to size and morphological
parameters, in relation to the optical band gap energy vari-
ations upon changing the Si/Zn ratio. With reference to the
size-strain parameter correlation issues, effects on the av-
erage NCs length <L.> vs <Day> are exemplified in Figure 3b-
e, which show the NCs sizes for the different € values at the
best o of each sample (from Figure 3c-f). Larger sizes (both
<L:> and <Day>) are obtained at progressively larger ¢ val-
ues, likely balancing the increased strain broadening. Devi-
ations as large as 1 nm were obtained, whereas their stand-
ard deviations oc and oas (the vertical and horizontal bars in
Figure 3b-e) undergo minor changes, preserving the rela-
tive size dispersion of the samples.

Experimental evidence of [Zn1004(OH)12(H20)4] - super-
tetrahedron clusters. An additional model component of
the DSE fits shown in Figure 3a-d needs to be elucidated.
The DSE signal calculated from the ZnO NCs population was
able to account for the total measured sample scattering
only in the case of the unmodified materials, whereas some
residual intensity resembling that of an amorphous-like
phase remained unaccounted in all silane-modified sam-
ples. To clarify the nature of this component, an exploratory
fit was performed of the Siis@ZnOsiow data, where the extra
scattering was modelled using a polynomial function. The
pair distribution function in the form of



SI15@ZNOrqst

(b)

oo
[=]=]ele]
O~ O
32325252
| A

Intensity (a.u.)

i

3 4 5 6 7 8
<Dgyp> (nm)

<Lc> (nm)
N W OO N @

Si;5@Zn0Oy,,,

(e)
> 7 0%
) ;8:% .
=0. [
9 ,é\ 6 ‘ ::0.9% [ ]
= g° T
= |
% Ao 4 gt
— N A
+— v il
€ 3]
Al 2
3 4 5 6 7

2 3 4 5 6 7 8 9 10 <Dgp> (nm)

0-0
7n-0 Zn-In ~

~ n (Zn,30,)-supertetrahedron
:)_ —J\—.._JI \_,_fun\.;ANM"
S|
~ ) [\ Extra—scattering signal
)
j —
~ ﬂ A A f\r\
N} .W\; WY

. Bulk ZnO

2 4 6 8 10 12

r(A)

Figure 3. DSE analysis of Si1s@ZnO+st and Sits@ZnOsiow NCs. (a, d) X-ray synchrotron data (black dots), DSE best fit resulting from
the NCs population (red pattern) jointly to an amorphous-like component (blue curve), and residual trace (gray). Insets: 2D map
of the bivariate lognormal size distribution of the ZnO NCs. Each pixel in the map provides the NC size (length, L., and diameter,
Dab) and its mass fraction (in color scale) within the population. (b, e) Size-strain correlation plots showing that larger average
sizes are obtained at progressively larger € values. The minimum GoF at € = 0.7% for both Six@ZnO+st and Six@ZnOsiow is high-
lighted (circled symbols). (c, f) 3D plots of GoF vs microstrain (&) and stacking fault density (a). The minimum GoF is found at a =
4.0%, € = 0.7% in Six@ZnO+sst and o = 2.0%, € = 0.7% in Six@ZnOsiow. (g) G(r) curves corresponding to bulk ZnO (orange curve),
the extra-scattering in Si1s@ZnOsiow (brown) and the [Zn1004]-supertetrahedron (red).



G(r), obtained by Fourier transforming this “background”
term, is shown in Figure 3g.82 The shortest distances are as-
signable to Zn-0 (1.97 A) and Zn-Zn/0-0 (3.25 A), suggest-
ing the occurrence of sub-nanometric ZnO clusters. The Si-
0 bond distance from the silane (expected as a weak peak at
about 1.6 A) cannot be clearly detected in the G(r), likely
hindered by truncation effects. Taking inspiration from the
G(r) finding and from reported stable structures predicted
to form during ZnO nucleation and growth,884 a rigid
[Zn1004(OH)12(H20)4]-supertetrahedron cluster was built
using geometrical considerations (inset of Figure 3g). The
calculated G(r) of this cluster, also shown in Figure 3g, well
matches the experimental one, further supporting our in-
terpretation. Small clusters of this type are likely entrapped
in the inter-voids between larger silane-coated ZnO parti-
cles and may further bind silane and acetate residues.

The DSE calculated pattern of the supertetrahedron (the
blue traces in Figure 3a-d) was added to the model and
scaled to the experimental data, jointly to the signal from
the nanocrystalline population. Scaling of this signal is likely
affected by the presence of the organosilanes neglected in
the DSE model. Quantification of the supertetrahedron clus-
ter was obtained for each sample (see Table S3), as detailed
in the Experimental section. Non-negligible amounts (in the
15-25 w% range) are found in all VTMS-grafted samples,
peaking at nearly 38.5 w% in the Sitis@ZnOsiow.

VTMS control over ZnO NCs size, morphology and fault
density. The dependence of size, morphology and SF den-
sity on the silane amount is discussed by means of Figure 4
for unmodified and VTMS-grafted ZnO NCs, also in relation
to the different growth mode of the two series. DSE-derived
(mass-based) average <Lc> vs <Da»> values are shown in
Figure 4a (fast growth) and Figure 4b (slow growth) at the
different Si/Zn ratios, where horizontal and vertical bars
are the standard deviations (see also Table S1). The NCs an-
isotropic morphology is measured by the average sample
aspect ratio <AR> = <Lc>/<Da»> (Figure 4a-b). Throughout
this paper we refer to mass-based averages that we con-
sider more representative for polydisperse NCs character-
ized by X-ray scattering techniques. Number-based values
are collected in Table S2. The diameter of the sphere of
equivalent volume to the hexagonal prisms (<Deg>m and
<Deq>n) are also provided as a single measure of size. <Deg>n
are properly compared to TEM-based estimations in Table
S2 (images available in Figure S1). As anticipated, inherent
difficulties due to silane polymerization and partial NCs ag-
gregation weakened the TEM analysis. This prevented any
size dependence on the Si/Zn ratio to be detected and pro-
vided systematically larger sizes (jointly to unrealistic ul-

tranarrow size dispersions) than DSE-based ones (at-
tributed to the nanocrystalline cores only, neglecting the
silane coating).

The absence of silane results in larger (<Deg>wm in the 10-17
nm range) and prolated NCs (<AR> > 1) in the unmodified
compounds, particularly elongated under slow growth con-
ditions.

This observation is in line with a faster growth along the
[001] axis and the fact that the basal {001} polar facets are
energetically unfavoured.85-8 First-principles calculations
of the surface energy indicate a nearly halved value (2.2 vs
1.1 J/m?) of the non-polar lateral surfaces compared to the
polar (001)-Zn ones, consistent with observations in ZnO
nanostructures.®? A similar consideration applies to
Six@ZnOsiow at the lowest silane amounts (x < 5%) exhibit-
ing <AR> ~ 1. This finding suggests that VTMS is largely de-
pleted through the first precipitation, in line with IR spectra
and as further confirmed by the NCs size larger than in the
Six@ZnOmy series. A persistent <AR> ~ 0.8-0.9 is found in
the remaining VTMS-grafted samples, where sizes shrink
from 10 nm down to 4 nm at progressively higher silane
amount. Their relative dispersions are within 43 - 50% for
Das, slightly larger for Lcin Six@ZnOxs, and about 50% for
both directions in Six@ZnOsiow. No relevant size and mor-
phological differences are observed between the two series
under the action of comparable silane amounts (Si/Zn >
10%). These results indicate a superior control of VTMS
over NCs size (though moderate for size dispersion) jointly
to an excellent morphological control that limits the ZnO to
grow along the [001] axis, leading to the conclusion that
silane preferentially binds the polar basal facets. In order to
investigate the dependence of the stacking fault density a
on the Si/Zn ratio, the DSE models were explored over a
range of a values for all VTMS-modified samples, similarly
to what illustrated for the samples at the highest silane con-
tent (Figure 3). Plots of the GoF statistical indicator vs «
from this analysis are shown in Figure 4c for the Six@ZnOxst
NCs, and in Figure 4d for the Six@ZnOsiow ones. The SF den-
sity o of each sample is taken from the minimum GoF of the
corresponding curve. In Six@ZnOss, the value increases
from o = 1.5% (at x = 2%) to a = 4% (at x =15%), corre-
sponding to 0.6x106 and 1.6x10°% cm™ linear densities, in
line with HIM-based reported values.*8 In contrast, a varies
in the 1-2% range (0.4x10¢- 0.8x10°% cmt) in Six@ZnOsiow,
where the much slower NCs growth likely favors self-heal-
ing of defects. These results indicate a higher density of pla-
nar defects in NCs grown in rapid mode and an inverse de-
pendence of a on the Si/Zn ratio (therefore, on size NCs) in
both series, as documented in Figure 4c-d. A similar inverse
size dependence of fault density was also found in CdSe
quantum dots.5?
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Optical band gap energy dependence on NCs size and
density of planar defects. The energy band gap (Ej) of un-
modified and silane-modified ZnO NCs was determined
from UV-vis transmittance spectra using Tauc plots (Figure
S4). We analysed Ej as a function of NCs size for the two se-
ries in Figure 4e, taking <D.s> as a single size measure. Sig-
nificantly, results do not change if number-based averages
(smaller by a factor ~3) are considered. In agreement with
the quantum confinement effect (the exciton diameter in
Zn0 = 2 nm*3), Six@ZnOsiow NCs exhibit the expected inverse
size dependence of the optical band gap, with Ej rising by
0.15 eV from the reference bulk 3.37 eV value, at <Deg> = 4.9
nm.

In contrast, Six@ZnOss NCs exhibit an unexpected Ej; de-
crease down to 3.27 eV at the smallest <Deg> of 5.0 nm. In
search for plausible causes, differences on NCs morphology
(that have been reported to influence the ZnO band gap)”’

are here discarded based on the results of the DSE analysis
providing nearly equal <AR> = 0.9 for the two series at the
smallest sizes (Figure 4a and 4b). Likewise, electronic influ-
ence from silanes is not able to explain the finding, as it is
expected to affect the optical band gap of the two series in a
nearly similar way.

To elucidate the opposite behavior for the two series upon
downsizing, planar defects and lattice relaxation and their
correlation with E; have been investigated. SF density a val-
ues provided by the DSE analysis are displayed in Figure 4e
for each sample showing their inverse size dependence. As
previously commented, the density of SFs shows striking
differences between the two series, which are well ex-
plained by the different NCs growth rate, the largest densi-
ties being observed in Six@ZnOxst samples. First-principles
density-functional energy calculations by Yan et al. indi-
cated that planar [001] SFs have low formation energy (55
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m] m-2).4° In their paper, the authors suggested that, where
SFs form in high concentration, they result in zincblende
(ZB) domains embedded within the wurtzite (WZ) struc-
ture; the conduction band in faulted structures is reported

to be 20 to 40 meV lower (depending on the type of fault)
than in perfect crystals.
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For deformation faults, the band alignment at the
WZ/ZB/WZ regions exhibits quantum-well features and
carrier localization; calculations indicate that WZ band gap
is 0.11 eV larger than thatin ZB ZnO. Though additional con-
finement effects might be present by NCs downsizing, these
DFT calculations support the observed decrease by 0.10 eV
from the bulk value at the largest SF densities. Qualitatively
similar results, based on theoretical calculations of the DFT
type for a number of II-VI and III-V semiconductors, have
been reported.+>90

Lattice deformations upon the NCs size decrease were also
analysed, either as macrostrain (that is the cell expansion,
measured by the relative variations Aa/ao, Ac/co, ao and co
being the reference bulk parameters) shown in Figure S5,
or as microstrain (the € parameters, reported in Table S3).
Modest macrostrain values below 0.2% are observed: Aa/ao
exhibits a nearly constant 0.12% value, Ac/coan inverse size
dependence and values in the 0.05 - 0.19% range. Though

possibly influencing the band gap, differences are not ob-
served between the two silane-grafted ZnO series to justify
the opposite E; behaviour with the NCs size. With reference
to the microstrain, values fall in the 0.2 - 0.7 % range in both
series, the smallest € values being found at Si/Zn <5%. This
finding points to a surface-driven effect and to a parallel €
dependence on the amount of silane in both Six@ZnOss and
Six@ZnOsiow series.

Finally, other kind of defects such as dislocations cannot be
fully disregarded as possible origin of the observed trends
in optical bandgap. Indeed, dislocation-related emission
bands are reported in single crystals (at 3.1 eV, lower than
the bulk ZnO bandgap, but also at the higher energy of 3.45
eV), upon material deformation at elevated temperatures
introducing point like oxygen vacancies inside the core
structure.®® However, in contrast to those formed at high
temperatures, dislocations introduced at room temperature
are reported to act as non-radiative centres. Therefore, a
specific role of dislocations is unlikely to take place in the
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emission properties of the ZnO samples investigated in the
present work.

Visible emission and photocatalytic properties vs VTMS
surface coating. The green emission of ZnO has been a con-
troversial subject for long time and still is a matter of inves-
tigation. It is typically attributed to point defects (vacancies
and interstitial atoms), though with contradictory assign-
ment of sites and possible sources of the deep trap states.*
In small nanoparticles, point defects are thought to be
mainly located on their surfaces and visible luminescence is
reported to be strongly dependent on passivation of oxygen
vacancies.3! In line with these considerations and with pre-
vious reports, the VTMS-grafted ZnO NCs presented in this
work exhibit a remarkable enhancement of the visible pho-
toluminescence (PL) in comparison to their unmodified
counterparts, particularly evident at the highest Si/Zn ra-
tios (= 10 %) (Figure 5a). Further supported by the FTIR
spectra discussed in Figure 2a-b, these observations corrob-
orate the relation between silane grafting, passivation of ox-
ygen vacancies at the surface and PL enhancement.282°

The analysis of the PL spectra, normalized to the maximum
intensity in Figure 5b, further highlights that the emission
peak s blue shifted in comparison to that of unmodified ma-
terials. Shifts are larger in the Six@ZnOsiow than in the
Six@Zn Oy series, in line with the wider band gap of the for-
mer and the recombination at deep localized states related
to the visible emission. This finding points to the (often dis-
regarded) influence of planar defects in the green lumines-
cence of ZnO NCs. However, at Si/Zn ratio > 10%, all sam-
ples show the emissive band peaking at 2.30 eV, in both se-
ries, without any additional shifts. In this regard, the silane-
ZnO surface interactions at the different silane amounts
may lead to a reasonable interpretation. As elucidated by
29Si and 3C solid state NMR studies34 of ZnO nanoparticles
prepared by the same synthetic route as in the present
work, the Si atoms may bind to the ZnO surface by three,
two or one oxygen bridge(s) (as depicted in Figure 5c for
the first and last cases), the amounts of the different bond-
ing types depending on the silane concentration.33

At the largest Si/Zn ratio of 10% in ref. 33, the formation of
an inner layer bound to the ZnO surface and an outer shell
consisting of a three-dimensional Si-0-Si network, without
Zn-0-Si links, was suggested, favoured by monodentate
bonding.?3 Accordingly, a (previously reported)?® donor ef-
fect of silanes influencing the ZnO band gap should be con-
sidered in relation to the concentration of the different
bonding types. At the largest amounts of silane of the pre-
sent work, the observed photoluminescence peaks at 2.30
eV might be the consequence of the saturation of VTMS mol-
ecules grafted at the NCs surface, with comparable concen-
trations of silane bonding types in both ZnO series.

We further investigated the organosilane coating around
the inorganic ZnO core by performing methylene blue deg-
radation experiments (Figure S6), taking advantage of the
remarkable photocatalytic activity of ZnO NCs favoured by
the combination of electronic and surface properties.>3° The
morphological results of the DSE-based analysis suggested
the preferential binding of VTMS to the basal {001} facets of
ZnO NCs. These are also reported to be the most active in
photocatalytic reactions.85889293 [n line with this considera-

tion, the presence of the VTMS coating degrades the photo-
catalytic (PC) efficiency in the silane-modified ZnO parti-
cles.

To further elucidate the role of basal facets in the presence
of grafting molecules, the corresponding specific surface
area (basal SSA) was calculated from the DSE model of un-
modified and silane-modified NCs (solid lines connecting
symbols in Figure 5d) and used for a comparable analysis of
the PC efficiency at increasing silane amount (dashed lines
connecting symbols in Figure 5d and Table S4). Despite of
their smallest basal SSA, the unmodified NCs of the two se-
ries showed both the highest PC efficiency and the ability of
a full methylene degradation after 1h of exposure. A small
amount of silane slightly lowers the efficiency to 93%. At
larger amounts, a comparable PC efficiency reduction is
found for the two series, and a more rapid rise of the basal
SSA curve at low Si/Zn ratio is observed in the Six@ZnOgst
series (depleting the amount of VTMS in the Six@ZnOslow se-
ries). Worth to note, a remarkable efficiency as high as 60%
of that of the unmodified material is still measured, suggest-
ing that the structure of the VTMS residues may form an in-
homogeneous porous shell around the NCs, and that active
sites may remain accessible to the organic dyes even at the
highest silane coverage.

4. CONCLUSIONS

Two series of nanosized ZnO powders bearing covalently
grafted vinyltrimethoxysilane molecules were precipitated
at increasing Si/Zn molar ratios upon fast and slow NCs
growth, and thoroughly characterized by advanced X-ray
total scattering synchrotron techniques, atomistic models
of nanocrystals encoded in a bivariate population of aniso-
tropically-shaped, defective individuals and the reciprocal
space-based DSE method. A comprehensive picture of struc-
tural and morphological properties and crystal defective-
ness (strain and stacking faults along [001]) of VTMS-
grafted ZnO NCs is provided, jointly to experimental evi-
dence of the occurrence of [Zni004(OH)12(H20)4]-
supertetrahedron clusters predicted to form during ZnO nu-
cleation and growth. We emphasize the challenging out-
come of quantifying the SFs linear density in very small ZnO
NCs, in the 0.8x10% - 1.6x10¢ cm! (1-4%) range, enabling
unique correlations with electronic and optical properties.
In particular, the unexpected band gap lowering upon
downsizing, ca. 0.10 eV from the nominal value of the bulk,
has been here interpreted by the presence of the large pla-
nar stacking faults density (1.6x106 cm) opposing to quan-
tum confinement effects that control the band gap in NCs
showing lower SF density (0.8x106 cm). Additional corre-
lations between tiny shifts of the green-emission line and
silane coverage, basal specific surface area and photocata-
lytic efficiency have been discussed. This work confirms
that accurate synchrotron X-ray wide-angle scattering
methods and tailored data analysis can provide a bevy of
statistically robust structural and microstructural infor-
mation on ultrasmall nanocrystalline materials.
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SYNOPSIS TOC.

A comprehensive quantitative model of vinyltrimethoxysilane-grafted ultrasmall ZnO nancrystals is developed to elu-
cidate the complex interplay of size, morphology, lattice strain, stacking faults and surface modification on electronic,
optical and photocatalytic properties. Band gap narrowing upon downsizing is explained by planar defects with linear
density as large as 1.6x10¢ cm1.
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