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ABSTRACT: Semiconducting heterostructures are considered promising candidates for
meeting specific environmental challenges, such as the greener or decarbonated production of
energy. However, optimizing the performance of these hybrid systems largely depends on the
fine understanding of the mechanisms by which they are formed, in relation to their mode of
preparation. We report herein the synthesis of nanosized semiconducting heterostructures of
ZnS@7Zn0 nature; this from well—controlled preformed ZnO nanoparticles (NPs) modified via
anion exchange process using (TMS),S. The formation of these ZnS@ZnO heterostructures
has been investigated in depth, shedding light specifically on the sulfidation mechanism and
its dynamics. Our study reveals the dynamic evolution of the nanomaterial in the sulfidation
process, evidencing that it is both driven by the initial presence of oxygen vacancies — acting
as gateways for sulfur atoms —, and also by the action in the medium of (TMS),S, which as a
sulfurizing agent behaves also as an oxygen atom extractor. The structural modification of the
preformed monocrystalline ZnO nanomaterial into a polycrystalline ZnS hollow nanostructure,
occurs via amorphization—crystallization steps, which clearly depends on the amount of
(TMS),S in the reaction. This morphological transition, from a core—shell to a hollow structure
has been followed by multinuclear NMR spectroscopy (‘H, '*C, 70), and notably oxygen
atoms at the interfaces of ZnS@ZnO heterostructures have been identified and quantified.
Consistently, our study clearly establishes the link between the preparation mode of the
ZnS@7ZnO0 heterostructures and the modification of their optical band gap as a function of their
composition. The variation in optical properties, and the bowing of the band gap, is a function
of the sulfidation level, and this mode of sulfidation is clarified step—by-step by a DFT
computational approach of surface and interface processes that is fully supported by the
experimental characterization (XRD, WAXS, EDX line—analysis, HRTEM, STEM-HAADF,

NMR) of these materials.



INTRODUCTION

Heterostructures, i.e. semiconductor structures with specific chemical compositions
exhibiting interface between two different materials with unequal band gaps,' hold great
promises for modern needs, including green energy production,>™ pollution control,® or
sensing.®’ Their intrinsic properties allow one to overcome the general limitations that mono—
component semiconductors frequently exhibit, such as inappropriate band gap, low specific
surface area, too fast charge recombination, or inappropriate redox potential.®® These
frequently encountered impediments can be adjusted either by band gap engineering,'®

112 and doping'?® with metals and non—metals, or coupling with

including surface sensitization
co—catalysts.!* All such approaches are attractive to obtain materials with controlled
composition and appealing physicochemical properties.!> Nonetheless, the chemical
composition is fully dependent on the preparation protocol and thus the synthesis route impacts
the heterostructure’s final properties.!®!” Consequently, a fine understanding of the
relationships between the structure of such hybrid semiconducting functional materials and
their applicable properties is essential.!®!”

One of these heterostructures, ZnS,@ZnO;-, (wWhere the notation expresses the addition of
the ZnS phase to the initial ZnO one) is made up of ZnO core and ZnS shell at varying O/S
stoichiometries.?’?* Different from oxysulfide phases,?* these heterostructures have attracted
increasing attention as effective, cost—efficient, and non—toxic buffer layers in thin film solar
cells.”> Additionally, in the recent years, these materials have been shown to be suitable
candidates for the photocatalytic degradation of pollutants,?® and have demonstrated to be
potential candidates for clean energy production by the hydrogen evolution reaction (HER).>

Among the possible methods for the preparation of these heterostructures, chemical

transformation using a preformed nanocrystal (NC) template, in which tunable ion exchange



can be conveniently employed is a very attractive route. For example, ZnS,@ZnO;—x
heterostructures have been previously synthesized with various sulfur sources such as H»S,?
(TMS),8S,? thiourea and NaxS,*%3! thioacetamide,*? and (-~BuS),.>* These methods, based on
ion exchange, mostly produced hollow nanostructures,** accounting for Kirkendall processes,
in which the O% anions and/or Zn?" cations diffuse faster outward from the ZnO NC template
than the exchanged S** anions diffuse inward. A remarkable exception to these results was
reported by the Cheon group, for which the use of (Z)-N—trimethylsilyloctadec—9—en—1—amine
in the presence of H»S preserved the initial structure of the semiconductor (SC). The anion
diffusion through the SC could be accelerated by the assistance of an oxygen extracting reagent
(OER), resulting in anion exchange without Kirkendall void formation, and thus a fairly proper
conservation of the initial morphology.?® In the latter case, the combination of the oxophilicity
of the trimethylsilyl (TMS) group and the nucleophilicity of the amino group, was considered
for assisting oxygen extraction, and circumvents, by a kinetic effect, the commonly
encountered Kirkendall process.*> A detailed examination of the evolution of oxygen vacancies
as essential partners in the movement of ions in these structures is clearly of scientific interest
and complementary to better understand these various anion—exchange synthetic approaches.
In addition to the general morphology of heterostructured NCs —and the occurrence or not of
a Kirkendall process—, the optoelectronic properties should depend on the O/S composition,
and thus may evolve over time according to the movements of sulfur and oxygen ions within
the structure. The defects present in the ZnS,@ZnO,., material, especially the vacancies, and
their propensity to facilitate atom mobility then become decisive parameters. The current
literature examples regarding the synthesis of Zn—based heterostructures have succeeded in the
modification of the band gap values,’® and thereafter improved the material’s optical
properties.’” Thus, starting from the same batch of NCs, semiconducting materials with

different properties can be obtained depending on the post—synthesis sulfidation conditions.



Detailed knowledge of the dynamics of the oxygen and sulfur atom exchanges through
available vacancies, would be a key lever to control the desired physicochemical properties for
applications.

Previously, our group has developed functional metal oxide nanostructured materials using
a mild organometallic synthetic approach, for their integration into devices.***! The in—depth
characterization of such materials, using cutting—edge techniques and notably solution and
solid—state multinuclear NMR spectroscopy, has enabled us to establish pertinent links between
the intimate structure and the optical properties of various semiconductor nanomaterials —
including ZnO* and ZnS.** This approach paves the way to detailed exploration of hybrid
ZnS@Zn0O heterostructures formation from preformed ZnO NCs via an ionic exchange
process, with a special focus on clarifying the role and fate of initial oxygen defects. We present
herein a detailed study of the controlled ZnO sulfidation, both from well-defined nanorods and
isotropic nanoparticles, using (TMS),S, which accompanied by Density Functional Theory
(DFT) computational modeling of the process, accounts for modification of band gap values
and optical properties, and establishes a comprehensive understanding of the formation of these

heterostructures.

RESULTS AND DISCUSSION

Synthesis by ion exchange: structural and optical features related to sulfidation ratio

We prepared ZnS(@ZnO ., heterostructures from the sulfidation of preformed ZnO nanorods
(NRs) and isotropic NPs (iNPs) obtained through hydrolysis of an organometallic precursor
under mild conditions, i.e. at room temperature (RT) and atmospheric pressure.** In general,
the controlled hydrolysis of the dicyclohexyl zinc complex ZnCy: leads to ZnO NCs at RT.
The iNPs were obtained in THF (tetrahydrofuran) solvent in the presence of dodecylamine

(DDA, 1 equiv.), while the NRs were formed from hydrolysis reaction in neat DDA (2 equiv.).



These ZnO iNPs or NRs were then sulfided in THF to give rise to ZnS:@ZnOj.x

heterostructures with the variable O/S ratio described in Scheme 1.

ZnO + x (TMS),S =——> ZnS,@ZNn0,+ x (TMS),0

Scheme 1. Sulfidation of ZnO NCs with (TMS),S as a function of the x molar equiv. of

(TMS),S added; x value is indicated on the images of the samples.

Taking advantage of the reactive nature of (TMS).S, the extraction of oxygen atoms from
the ZnO surface led to the formation of (TMS),0, which was stable towards a reversible
exchange reaction under mild conditions. Herein, for the ZnS:@ZnO,.., x corresponds to the
equivalents of (TMS).S initially used for the sulfidation reaction. Varying the quantity of
(TMS),S with 0.2, 0.5, 0.8, and 1.0 equiv. in relation to the Zn precursor led to a color evolution
of these materials, from white to orange-yellow, then pale—yellow (see Scheme 1). The
measurements of optical features, performed on both colloidal solutions and in the solid state,
correlated with the O/S ratio (Figures S1-S4 in the Supporting Information SI) and with the
visual color. The absorbance spectra recorded in THF solution showed significant
modifications depending on the (TMS),S amount (Figures S2a and S3 (left) for NRs and iNPs,

respectively). The evolution from a sharp absorbance band to a smoother one, suggests either



a change of the shape of the NRs toward iNPs or a modification of their crystallinity (vide
infra). Additionally, the emission in the visible range was quenched regardless of the amount
of (TMS)2S, suggesting that all dangling bonds were removed,® i.e. that the emissive states
were suppressed or at least, that these shallow surface levels became completely inactive
(Figure S2a).

Moreover, measurements in the solid—state (Figure S2b for NRs, Figure S4a for iNPs) gave
access to the band gap values for NRs that were found ranging from 2.9 to 3.4 eV (Figures S2¢
and S2d), and ranging from 3.0 to 3.5 eV (Figures S4b and S4c) for iNPs. Both sample types
reached minimum values at 2.9 and 3.0 eV, respectively, at sulfidation level of 0.2 equiv. of
(TMS),S used. Such bowing of bang gap has been associated with the lattice mismatch that is
related to the size and electronegativity differences between O and S atoms. This consequently
leads to strain in the material, that highly depends on the sulfidation level.****® The Urbach
energy® increased linearly during the sulfidation process from 47 to 354 meV (Figure S2e and
S2f) for NRs, and from 142 to 386 meV (Figures S4d and S4e) for iNPs, indicating that
structural disorder/defect ratio augmented in the materials.

Additional powder X-ray diffraction (PXRD) measurements and radial distribution function
(RDF) analysis from Wide Angle X-ray Scattering (WAXS) measurements complemented the
optical measurements. Figure 1a shows the patterns of the four sulfided samples compared to
a ZnO reference. The progressive disappearance of the ZnO phase, and the concomitant
appearance of the ZnS phase was clearly observed.* As the sulfidation increased, the peaks
became broader, illustrating that the crystallinity of the sample changed.’® The broadness of
the peaks associated to ZnS confirmed that the crystallite size of this phase was very small
(vide infra).

RDF analysis of these samples showed a gradual evolution of the first peak characteristic of

Zn coordination, which increased in distance from 0.19 to 0.23 nm and in amplitude (likely



because of Z difference between O and S elements) as the amount of (TMS),S increased
(Figure 1b). This observation is in good agreement with the formation of Zn—S bonds in the
material since the Zn-S distance considered as the sum of the atomic radii ca 0.235 nm, is
larger than the Zn—O distance (ca 0.195 nm). The intensity of the peak at 0.34 nm that was
attributable to the Zn—Zn distance, decreased and a new peak appeared at 0.39 nm. The increase
of the bonding Zn—X distance (X changes from O to S) was expected to induce an increase of
the Zn—Zn distance. If the exchange between O and S atoms was homogeneous throughout the
structure, we should observe a gradual shift in the peak associated with the Zn—Zn distance.
However, we observed the disappearance of the peak associated to the Zn—Zn distance in ZnO
and the concomitant appearance of a new peak. This, strongly supports a mechanistic proposal
in which the sulfidation of the sample proceeded through the replacement of ZnO domains by
ZnS ones. The results obtained for iNPs was consistently in line with our present explanation

(Figure S5).
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Figure 1. (a) PXRD patterns of ZnS,@ZnO;-x NRs (red 0.0, blue 0.2, green 0.5, pink 0.8, and
black 1.0 equiv. of (TMS),S) along with calculated diffraction patterns of crystalline ZnO and
ZnS (vertical gray bars), (b) RDF diagrams for the NR samples sulfided by different amount

of (TMS),S. In panel (b), X denotes O or S atom.



High resolution microscopy of ZnS,@ZnO;.. and morphological modification analysis

Figure 2 shows typical TEM images of the samples. As the ratio of sulfidation agent increased
from 0.2 to 1.0 equiv. the NRs, as well as the iNPs (Figure S6), clearly underwent a significant
rearrangement process towards hollow structures (vide infra). The analysis of the size of the
NRs was achieved using the 2D—size plot method, which enables the facile extraction of
information on the correlation between the widths and lengths of anisotropic objects.”!
Concerning NRs, regardless of the sulfidation level, only a single sub—population was present,
which indicated that the sulfidation process of the NRs did not significantly modify the global
population distribution (Figures 2a and S7). Nevertheless, as the sulfidation level increased,
small but noteworthy increases of both the mean width and mean length values were observed
from 4.7+ 1.1t0 6.4 + 1.3 nm and from 45 + 20 to 53 + 22 nm,*? respectively. With the increase
of sulfidation level, the width and length of the NRs became significantly correlated (Pearson
correlation parameter,®® p, increasing from 0.23 to 0.44 after sulfidation with 1 equiv. of
(TMS),S (Figure S8), which could correspond to a simultaneous growth on both dimensions
with two different but correlated speeds. Despite the fact that the distribution of NR diameters
is narrow, with 95% of the rods measuring between 3.4 and 5.4 nm, it has a noticeable impact
on the morphologies of the resulting heterostructures. A similar behavior was observed also for
the iNPs (Figure S6). Starting from small ZnO iNPs with an average diameter of 4.1 £ 1.6 nm,
a size growth up to 5.0 £ 1.6 nm was observed as the sulfidation level augmented, and the iNPs

become hollow (Figure S9).
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Figure 2: TEM images of ZnS(@ZnO;-, NRs after 22 h of reaction with (TMS),S (a) 0.0, (b)
0.2, (c) 0.5, (d) 0.8 and (e) 1.0 eq of (TMS).S with mean widths and lengths along with their
standard deviations indicated on the images. (f) TEM image of pristine ZnO iNPs and (g) its
particle size distribution. In panel (a), the 2D—size plot and aspect ratio distributions of ZnO

NRs are shown (for the other NRs see Figure S7).

Scanning Transmission Electron Microscopy — High—Angle Annular Dark—Field (STEM—
HAADF) images of ZnO NRs reacted with 0.5 and 0.8 equiv. of (TMS),S for 22 h are shown
in Figure 3. For 0.5 equiv. of (TMS),S (Figure 3a), the majority of the sample was made up of
core—shell structure with a well-crystallized core and a quite disordered shell. All along the
width of the ZnO NRs, few well—crystallized atomic planes were replaced by disorganized
atoms. Additionally, some disruption of the pristine ZnO monocrystalline structures appeared.
These areas do not present the atomic plane organization typical of an ordered structure. For

0.8 equiv. of (TMS).S used (Figure 3b), predominantly hollow structures were observed.
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However, for the larger NRs core—shell structures comparable to the one observed for 0.5
equiv. of (TMS),S were additionally observed. Overall, as the amount of (TMS),S increased,
the number of disrupted zones increased and crystalline ZnO zones became rare as the NRs
turned hollow, consistently supporting the observation of PXRD and RDF analysis. From
Figure 3c, the artificially colored images were obtained by inverse fast Fourier transform of
selected interatomic distances typical of either ZnO (Figure 3d) or ZnS phases (Figures 3e and
S10). ZnO was clearly present only for the larger NRs, and the hollow nanorods were composed

of small crystalline areas that corresponded to ZnS (Figure 3e).

aglll

zno (002) 10nm ZnS (1)

Figure 3. STEM—HAADF images of the NRs after sulfidation with (a) 0.5 equiv. and (b,c) 0.8

equiv. of (TMS),S. (¢) Starting STEM—HAADF image of NRs after sulfidation with 0.8 equiv.
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of (TMS),S used to generate the colored images using inverse fast Fourier transform of selected

interatomic distances characteristic of either (d) ZnO or (e) ZnS phases.

For the ZnO NRs exposed to 0.5 equiv. of (TMS),S (Figure 4a), for which the majority of
NRs are still full, the distribution profile from EDX analysis exhibited the maximum of Zn and
O in the middle of the NRs and the maximum of S in the edges. For ZnO NRs exposed to 0.8
equiv. of (TMS),S, for which the majority of NRs are hollow, the Zn and S distribution profile
clearly evidenced that Zn and S atoms were more abundant in the shell nearest to the cavity

(Figure 4b). Similar results were obtained for iNPs (Figures 4c, 4d, and S12).
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Figure 4. STEM-HAADF images of (a, b) NRs and (c, d) iNPs after sulfidation by 0.5 (a and
¢) and 0.8 equiv. (b and d) of (TMS),S. EDX line analysis on single nano—object is displayed

in panels (a, b, and d).

The formation of the hollow structures was also followed over time for ZnO NRs sulfided with
0.8 equiv. of (TMS),S (Figure S13). TEM images recorded from ¢ = 0 to # = 96 h showed that
the change in the morphology typically started after 20 min. The formation of holes in some
NRs was observed after 1 h of reaction, and some hollow NRs were observed after 22 h. After
96 h, all the NRs had transformed into hollow structures. Note that the sulfidation of the NRs
seems to depend on the width of the pristine ZnO NRs and not on their length (see Figure S14
and the respective discussion). The size distribution of the diameter of the pristine ZnO NRs
can lead to the presence of both full and hollow structures depending on the amount of sulfuring
agent and the reaction time. The simultaneous presence of these structures in the samples for
at least 0.5 equiv. of (TMS).S (and higher) allows us to hypothesize that the stages of the
sulfidation process remain identical whatever the diameter of the NRs. We can thus equate
these different structures with different degrees of advancement in the sulfidation process. This

provides a means to visualize the time-evolution of the sulfidation mechanism.

Mechanism of the ZnSx@ZnO;-x hollowing rearrangement process

As shown by STEM-HAADF, the formation of ZnS,@ZnO;-, heterostructures by exchange
of oxygen for sulfur atoms in monocrystalline ZnO NCs proceeded through the initial
formation of compact zones of disorganized ZnS phases, which then gradually changed into
hollow polycrystalline ZnS structures.>>>*This progressive structural transformation was
complete after 96 h for 1 equiv. of (TMS),S, giving a full population of polycrystalline ZnS
hollow structures. However, some patchwork structures containing adjacent ZnO and ZnS

domains could be obtained when smaller amounts of sulfurizing agent were employed,
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providing an interesting lever of structural control. As this exchange of atoms is a dynamic
process, the final ratio of sulfidation also depends on the reaction time. Consistently, the
formation of hollow structures by anionic exchange can be postulated via a mechanism

analogous to void formation due to the Kirkendall effect.3%%

Nonetheless, the sulfidation of anisotropic ZnO NRs raised some important and specific key
points about this anionic exchange phenomenon. As illustrated in Scheme 2, the sulfidation
occurred from the surface to the core of the NRs and preferentially started at the surface defects,
as demonstrated in ref 34. Core—shell structures could be obtained in the early stages of the
sulfidation reaction regardless of the quantity of (TMS),S, or alternatively for a small amount
of extracted O—atoms (Scheme 2a). However, as such defects were not uniformly distributed
along the NRs, the formed structural patchwork pattern varied from one NR to another. In turn,
the voids in the structure (Scheme 2b) —formed by the co—diffusion of the Zn and O—atoms
induced by the formation of the ZnS phase— were distributed differently in each of the NRs.
The amorphization of the material, due to the lattice mismatch between oxygen and sulfur ions

led to the final hollow structures with ZnS crystalline domains of limited size (Scheme 2c).

ZnO core Hollow core
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Scheme 2. Mechanistic approach for the sulfidation of ZnO NRs by (TMS).S highlighting
formation of voids and amorphization of the NRs due to difference in the kinetic of O— and S—

atom migration.

Probing local environments of O atoms in ZnSy@ZnQO1-. using NMR

In order to gain additional information on chemical environments and local structure in
ZnS,@ZnO;-, heterostructures, particularly at the interface of the domains, we carried out
multinuclear NMR experiments. These are suitable for fine probing materials at the atomic
level, notably in NPs.5® Relative to such nano—objects, the use of NMR provides information
concerning both the interactions between surface ligands and the core, as well as concerning
the very structure and intimate arrangement of the inorganic nano—object core.***7?

We first used 'H—'>C cross-polarization magic—angle spinning (CP-MAS) NMR
experiments to monitor the surface state of the samples at the molecular scale. We previously
demonstrated that DDA alkyl chains adopt zig—zag conformation with a majority of trans-trans
(tt) configurations in pure ZnS NRs.!® Conversely, DDA long—chains exhibit highly disordered
conformation with mainly trans—gauche (tg) configurations when interacting with ZnO.>’ This
difference in conformation arose from the existence of hydrogen bonds between H-atoms in
the DDA alkyl chain and O—atoms on the ZnO surface, which no longer existed with the less
electronegative sulfur atoms. Advantageously, the ¢z (ZnS) or tg (ZnO) configurations result in
distinct *C isotropic chemical shifts of the central CH, groups of DDA’s aliphatic chain at ca.
30 and 32 ppm, respectively.***” For NR samples sulfided with 1.0, 0.8, 0.5, and 0.2 equiv. of
(TMS),S, respectively, t/tg ratios of 85/15(£5), 70/30(%5), 50/50(£5), and 20/80(£5) were
measured (Figure S15), assuming similar 'H—'3C CP-MAS transfer efficiency for both
configurations.®® The tg/tt ratio associated with the presence of ZnS and ZnO zones on the

surface of nano—objects demonstrated a linear dependence on the amount of (TMS),S and is
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therefore a reliable marker for quantifying the level of sulfidation (Figure S16). Similar results
were obtained for iNPs (Figures S17 and S18).

The use of 7O NMR is also particularly interesting for oxide nanomaterials characterization.
For instance, this powerful approach has enabled the characterization of the different phases
present in aluminum—doped ZnO NPs, such as complex ZnAl:O4 spinel®! and allowed the
observation of O vacancies near the surface of ZnO NPs.®? Very recently, 7O solid state NMR
spectroscopy was successfully coupled with DFT calculations to study the surface structure of
ZnO NRs and explore the Ha activation process.®* Some of us have also shown that '’O-atoms
from labelled water molecules were incorporated into ZnO NPs by diffusing from the surface
to the NPs core.’® We thus envisioned that quantitative information on the sulfidation kinetics
could thus be obtained by !’O NMR.

7O—enriched ZnO (Zn'’0) NRs were prepared using H2'’O for the controlled hydrolysis
reaction. Figure 5 shows '’O MAS NMR spectra of these Zn!’O NRs when exposed to (TMS)2S
over time.

(TMS),70

_J
=t

33 h (+26 h at 60 °C)

159 min

87 min
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25 min

\____ 15 min

0

P
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Figure 5. Evolution of 1D 70O MAS NMR spectra acquired at 9.4 T with vk = 8 kHz over time

of the sulfidation of Zn'’O NRs in—situ by an excess of (TMS),S.

Clearly, an increase of the 17O signal at 40 ppm characteristic of (TMS),!’O together with
the decrease of the typical !’O ZnO signals between -18 and -30 ppm were observed over time.
Such monitoring clearly characterized the anion exchange process, and we extracted various
quantitative information from those data by normalizing the respective variation of the three
peaks over time (Figure S19). Notably, the peaks at -24 and -28 ppm attributed to respectively
the surface and near—surface O—atoms in ZnO,>® have consistently similar kinetics of evolution
with a half-reaction time for sulfidation of ca. 20 min. Conversely, the signal at -18 ppm that
was associated to the core O-atoms (in—depth ZnO layers) underwent a clearly slower
evolution with ca. 30 min of half-reaction time for sulfidation. In addition, a higher level of
sulfidation exchange was observed for the O—atoms at the surface estimated at ca. 70% against
ca. 55% for the core—O—atoms. Consistent kinetic data were obtained when fitting the evolution
over time of TMS peak of the ?O(TMS), both in 'H and 70O MAS NMR spectra over time
(Figures S20-S22).

These in—situ experiments did not reveal new !’O signals that may be associated with specific
oxygen atoms at the interface between the ZnO and ZnS domains. With the view to eventually
detecting such interfacial specific !’O environments arising upon the formation of ZnS@ZnO
heterostructures, we explored 7O isotopic exchange experiment on preformed ZnS,@ZnO ...
We thus reacted ZnS@ZnO;.. (x = 0.2 to 0.8 equiv.) with ?O—enriched water at RT. No 7O
signals were observed after 24 hours which suggested that for stabilized sulfided
heterostructures, reverse exchange of sulfur for oxygen, or even oxygen for oxygen, was not
achieved, all the more in the absence of O—extractant. However, by heating the sample at 60
°C for 72 h, 170 could be incorporated into the material in various amounts. Figure 6 shows the

1D 70 MAS NMR spectra obtained at high magnetic field (18.8 T) of ZnO iNPs sulfided with
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0.2, 0.5 or 0.8 equiv. of (TMS),S, and then further reacted with ’O for isotopic exchange using

H,'"0 at 60 °C during 72 h.

0.5 equiv. ZnO
0.8 equiv. 0.2 equiv.

70 6 S0 40 30 20 10 0 10 20 -30 -40 50 YO (ppm)
Figure 6. 1D 70O MAS NMR spectra at 18.8 T (vk = 14.26 kHz) of Zn'’O iNPs (green) and
ZnO iNPs sulfided by 0.2, 0.5 and 0.8 of (TMS),S and then exposed to H>'’O for 72 h at 60
°C, followed by drying under vacuum to remove residual ' H.’O molecules. The intensity of

the spectra was set at the same level to better highlight variations in chemical shifts. The symbol

* denotes spinning sidebands associated to the ZnO signal at -18 ppm.

The 'O NMR spectrum of Zn'’O iNPs, which were enriched in 'O isotope during the
synthesis, is dominated by the signal of O sites in the core region. This signal is narrow owing
to the high octahedral symmetry of the O atoms, which results in small quadrupolar coupling
constant, Co= 0.2 MHz.** The 70 NMR spectra of sulfided ZnO iNPs, which were enriched
after sulfidation by exposure to H»'’O, are much broader than that of Zn'’0 iNPs. These NMR

spectra are also broader than those of ZnO iNPs, which were exposed to H>!’O after their
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synthesis and are selectively enriched in 7O isotope near their surface.’® Hence, the observed
broadening does not only result from increased electric field gradient and broader distribution
of local environment near surface of nanoparticles® but portrays increased disorder ® produced
by sulfidation. This observation is consistent with the loss of crystallinity observed by PXRD
and STEM. As the amount of (TMS),S increased, the peaks maxima shifted to higher
frequencies. Chemical shifts of -6.7, -0.2, and 4.9 ppm were measured for sulfidation using 0.2,
0.5 and 0.8 equiv. respectively, which can be compared to the -18 ppm shift observed for core
oxygen in pure ZnO iNPs. This evidences a significant change in the environments of the O—
atoms exchanged with '"OHa.

70 multiple—quantum magic—angle spinning (MQMAS) experiment performed on
ZnSo2@7Zn0Og g showed the presence of at least two groups of oxygen atoms, with significantly
different quadrupolar constants of about 1| MHz and 5 MHz. They both present a large chemical
shift distribution (Figure S23), which evidenced the structural heterogeneity of the material.
1D O spectra obtained at 9.4 and 18.8 T were simulated simultaneously (Figure S24 and
Table S1. For the three samples, no satisfactory agreement between experimental and simulated
spectra was achieved when considering a single 'O site. Conversely, reasonable agreement
was obtained when considering two sites with parameters similar to those determined for
ZnSo2@Zn0Og 5. This observation suggests that the three investigated samples contain at least
two different sites A and B with broad chemical shift distribution. The complete orientational
averaging of chemical shift tensors, i.e. the isotropic chemical shift, of site A had a positive
value (3.0 ppm < 8iso(!’O) < 34.0 ppm) with large quadrupolar coupling constant, Co = 5 MHz,
while site B had negative shifts (=10.0 ppm < 8iso(}’O) < 0.0 ppm) and weak Cq = 1.5 MHz.
Site B had 8iso and Cq values slightly higher than those of 7O nuclei of ZnO (i. e. —=18.0 ppm
with Cg < 1.0 MHz) and could probably be associated with !’O diffusion within the residual

ZnO phases. Site A corresponded to a new environment around oxygen, not observed for ZnO,
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and may correspond to O at the interface of the ZnO and ZnS domains since the S/O level of
substitution increases both diso (as seen in Figure 6) and Cq, by reducing the local symmetry
around "0 nuclei. We can notice that some experimental spectra shown in Figures S23 and
S24 slightly deviate from those simulated using two sites for large shift values. This deviation
could indicate the presence of additional 'O local environments, such as those in proximity of
O vacancies.®

Additional structural data about the interface were obtained by using 'H—!’0 2D PRESTO
NMR experiments focusing on interactions between exchanged 'O nuclei and the 'H-
containing species. Close spatial proximities between O and H atoms were observed both in
the range 0.9 to 2.7 ppm and up to 7.0 ppm that were characteristic of the aliphatic chains of
the DDA ligands and of hydroxyl groups, respectively (see Figure 7). 'H signals above 3.0
ppm, corresponding to OH groups, were mainly linked to the most deshielded ’O signals. The
intensity of these correlations indicated that the proportion of OH groups at the interface was

significant for all sulfidation levels.
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Figure 7. '"H—'70 2D PRESTO MAS NMR spectra (at 18.8 T, vr = 14.26 kHz) of Zn'’0O iNPs

sulfided by 0.2, 0.5, and 0.8 equiv. of (TMS)S.

We previously reported a partial reversibility of the '°0/!7O isotopic exchanges for both NRs
and iNPs of ZnO formed under analogous conditions, a reversibility which was associated with
some surface reconstruction process.’® The occurrence of such reversibility phenomenon was
also checked for the ZnS,@ZnO;-, heterostructures described herein by recording the 'O
MAS spectra of the samples reacted first with !’O—enriched water during 72 h at 60 °C (step
1), then with unenriched water (step 2) and finally with "O—enriched water again (step 3)
(Figure S25). Regardless of the level of sulfidation, the evolution of the spectra was the same.
When a labelled sample was exposed to unlabeled water (from step 1 to step 2), a decrease in
signal intensity was observed evidencing that most of the O species were reversibly exchanged.

When the sample was then exposed to labelled water (step 2 to step 3), the signal intensity
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increased but did not return to its initial level (step 1) showing that a fraction of the '°0/!70

atoms were nonexchangeable.

The quantification of these isotopic exchanges by integration of the recorded signals showed
that 63(%5), 53(+5) and 86(£2) % of the initial signal was lost between step 1 and step 2 after
sulfidation with 0.2, 0.5, and 0.8 equiv. of (TMS),S, respectively. After step 3, 61(£4), 91(+8)
and 88(£8) % of the initial signal recorded in step 1 was recovered. This result indicates a
dynamic restructuration of the material that can be related to a diminution of the vacancies in
ZnS@ZnO starting material, as has already been observed for ZnO NCs.® For 0.5 equiv. (and
above) of sulfuring agent, the exchange appears almost totally reversible which means that
nearly no non-exchangeable O is incorporated. This suggests that there is little or no crystalline
ZnO left to absorb O—atoms to fill the vacancies, which agrees with the RDF analysis where
the material is highly amorphous. Importantly, simulation of the 1D 7O MAS NMR spectra
(Figure S25) of the residual "O-atoms (step 2) of ZnOos@ZnSo> and ZnOos@ZnSos
heterostructures allowed the quantification of the site A and site B contents that were of 66(£6)
and 82(£6)% for site B (ZnO part) and of 21(+4) and 42(£5)% for site A assumed to be at the
interface, respectively. The oxygen atoms of the interface were more easily exchanged with
oxygen atoms of water than the oxygen atoms of the residual ZnO area.

The 70O NMR analysis combined with the HR-TEM monitoring over time highlighted
important aspects concerning the sulfidation mechanism of ZnO NPs towards well-controlled
ZnS,@ZnO;-, heterostructures, which represents a breakthrough in understanding the link
between the preparation mode of these heterostructures and their related specific band gap and
optical properties. We assume that the oxygen vacancies initially present serve as preferential
gateways for the incoming S—atoms. Since oxygen vacancies are associated with zinc atoms
embedded in an undercoordinated surrounding, the formation of Zn—S bonds more easily

completes the coordination sphere of these Zn ions. The presence of O—vacancies constitutes,
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thus, a powerful driving force of the sulfidation process. Consequently, a decisive issue for
controlling the synthesis of heterostructures from ZnO nanomaterial template via anion
exchange—process is the identification and quantification of these vacancies. In that respect,
the results described herein evidence the presence of vacancies can be advantageously

highlighted by isotopic exchange between the O—atoms of water and those of the ZnO.

Computational approach of surface processes

Complementary to the existence of native O—vacancies, their formation during sulfidation
process was boosted by the oxophilicity of the TMS group that favored the formation of
hexamethyldisiloxane (TMS)>O through the creation of strong Si—-O bonds. This was
confirmed by quantifying the oxophilicity of the trimethylsilyl group through computation of
the Gibbs free energy for the model reaction of (TMS),S with water, to give (TMS)>0 and H>S
(see SI for computational details). The high exergonicity of A:G® = -33.6 kcal mol™! found
supports (TMS),S role as a strong O—atom extractor (Scheme 3). Formation of (TMS),0 acts
as a second driving force in the sulfidation process, which will continue to take place, as long

as residual (TMS),S is present in the medium.
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Scheme 3. Schematic proposal for approaching concerted sulfidation process of ZnO into ZnS
using (TMS),S.

Scheme 4 illustrates a proposal for stepwise transformation of ZnO NRs into ZnS NRs via the
ZnS@7Zn0O phases that is also applicable to ZnO iNPs. This enables the evolution of the
material's physical properties and in particular, allows one to link the evolution of the band gap
values to the structural modifications throughout the sulfidation process.

The reaction with (TMS),S of plain (nonhollow) ZnO NRs, having a stable given length and
width and a given band gap value, triggers the sulfidation process (Scheme 4a). For the
sulfidation to proceed, oxygen vacancies allow easier diffusion pathways for sulfur ions to
move further toward the core and bind undercoordinated zinc ions. The vacancies are also
obviously necessary for the oxygen ions to move towards the surface for continuous extraction.
This global movement of the anionic sub—lattice induces rearrangement of the cationic sub—
lattice. Such movements take place at the atomic scale, generating strains within the material
that is amplified by the lattice mismatch between ZnO and ZnS domains; the vacancies

contributing to relieve this strain.
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Scheme 4. Monitoring of crystallinity, band gap, width/length and hollowness of ZnO NRs
evolving upon sulfidation first to core-shell ZnS@ZnO heterostructures then to hollow ZnS

NRs. The red dash line indicates the changes in the band gap value.

At the beginning of the sulfidation process, and equally at low (TMS).S reagent level, the
exchanges between oxygen and sulfur atoms take place using the vacancies of these lacunar
ZnO NPs. Initial ZnO/ZnS interfaces would be formed, leading to an overall structure
containing a patchwork of ZnO crystallites smaller than that of the initial material. This results
in an abrupt decrease of band gap (Scheme 4b). These progressive dynamic movements at
atomic scale induce further loss of chemical order corresponding to the visible amorphization
of the nanomaterial. When the sulfidation process is prolonged in time, and equally using
higher quantity of (TMS2)S, the migration of the atoms leaves behind voids or void-like
patches (see Scheme 4c—e). This highlights a significant O—vacancy density in the initial ZnO,
and agrees with the observed initial optical features and recent NMR measurements®? (vide
supra). The active migration from the core to the shell of the NCs is consistent with the driving
forces described above, notably related to the formation of strong Si—O bonds, which will
continue to take place as long as (TMS),S remains in the reaction. We also performed the ZnO
NCs sulfidation using H»S, from which the oxygen extractor properties demonstrated by
(TMS),S were comparatively absent, as shown by the absence of final hollow nanostructures
(Figure S26).

As the sulfidation level increases, the initially formed amorphous ZnS areas evolve to
crystalline phase (Scheme 4c—4e). This structural rearrangement leads to a gap widening that
is attributed to the transition from a sulfur—-doped ZnO material to an oxygen—doped ZnS.
Reaching the highest sulfidation level is correlated to the global hollow structure formation of
ZnS (Scheme 4f), which is made of a patchwork of compact ZnS crystallite areas that overall

exhibit a band gap value lower than the one of a ZnS bulk material. Notably, throughout this
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sulfidation process, the diffusion of the ions and the exchange of O— for bigger S—ions induces
an increase of the length and width of the initial NRs (see Scheme 4), correlated by HR-TEM
monitoring. This non—monotonous evolution of the gap has a direct consequence on the color
of the NP and NR (depicted in Scheme 1): the initial ZnO material is white because its gap of
3.4 eV is greater than the visible domain (between 1.6 and 3.2 eV). For sulfur content less than
0.2 equiv., the gap decreases below 3.0 eV (see SI) and the material becomes orange-yellow.
Then, as the sulfur content increases, the gap starts increasing, and the color fades.

To correlate these results, model DFT calculations that support this detailed mechanistic
approach were carried out (see SI for computational details). Firstly, band gaps were
determined for the (1010) surfaces of both reference compounds, namely ZnO and ZnS,
leading to respective values of 2.14 and 3.21 eV. Starting from the ZnO(1010) surface, S—
atoms have been progressively added to simulate the experimental increase of sulfidation level
(from 1 up to 7 S-atoms, which corresponds to sulfidation level of 3.12 to 21.87 %). For each
level, optimization was performed to determine the most stable sulfur position. Steadily, the
sulfidation occurs in the surface layers and evolves gradually towards deeper layers (see in
Figure S27 most stable structure for each sulfidation level). This fully agreed with NMR results
indicating a sulfidation evolving from surface to core with different kinetics (see Figure 5).
Additionally, the changes in band gaps were calculated depending of the sulfidation levels and

are gathered in Figure 8.
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Figure 8. Calculated band gap evolution (in eV) as a function of the sulfidation level (in

atom% of S).

Computational results satisfactorily reproduce the trends of experimental changes of band
gap, with a minimum value reached for sulfidation levels ranging between 5 and 10 atom%.
This data thus gives an approximate evaluation of the atomic incorporation with 0.2 equiv. of
(TMS),S. The narrowing of band gap in the presence of sulfur can be interpreted from density
of states (DOS) calculations. DOS for pure ZnO compared to those in the presence of 6.25
atom% of sulfur are reported on Figure 9. When comparing DOS of pure ZnO and
ZnS,@ZnO;-,, the narrowing of the gap is clearly visible (see black lines). The projection of
DOS on the S 3p states confirm their presence in the gap, and thus the direct involvement of

sulfur atoms in the narrowing of band gap observed for sulfided samples.
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Figure 9. Total DOS for (a) pure ZnO and (b) ZnS:@ZnO; -, with a sulfidation level of 6.25
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ZnS,@ZnO;-, (blue), and for the projected DOS on the S 3p states of ZnS,O;-x (blue dotted

line).

CONCLUSION

From a fundamental perspective, we investigated the controlled synthesis of ZnSx(@ZnO.,
semiconducting heterostructures from ZnO nanomaterial templates of well controlled shapes,
originally obtained by the mild hydrolysis of the organometallic precursor ZnCy>. Extensive
structural characterization by PXRD and WAXS, and optical and band gap measurements
related to the sulfidation ratio of isotropic NPs and NRs indicate that sulfidation mechanism
takes place through the replacement of ZnO by ZnS domains, with the initially present O—
vacancies acting as gateways for S—atoms. High resolution microscopy, including STEM—
HAADF coupled with EDX analysis, has demonstrated that ZnS:@ZnO;.. hollowing
rearrangement process involves the progressive structural metamorphosis of the
monocrystalline pure ZnO into polycrystalline ZnS hollow structures via amorphization—
crystallization steps. The analysis of the local environment in these ZnS:@ZnOj.x
heterostructures was achieved for the first time using multinuclear NMR spectroscopy (‘H, 1*C,
170). The extensive quantitative data of the sulfidation kinetics allowed us to differentiate the

surface and core O—atoms. In particular, it was possible to characterize and quantify the O—
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atoms at the interfaces between the ZnO and ZnS zones as a function of the level of sulfidation.
Those O—atoms are more easily exchanged during isotopic—exchange measurements compared
to O—atoms at the core of the ZnO domains, suggesting a greater mobility of the O—atoms at
the interfaces. The 7O NMR analysis combined with the HR-TEM highlighted important
aspects concerning the sulfidation mechanism of ZnO nanoparticles towards well-controlled
ZnS,(@Zn0O1-, heterostructures. Oxygen vacancies initially present serve as preferential
gateways for the incoming sulfur atoms and constitute a powerful driving force of the
sulfidation process. Thus, a decisive issue for controlling the anion exchange—process is the
identification and quantification of these vacancies that we address in the present work using
methodological NMR approach, and which allowed us to make the link between the
macroscopic properties of materials and their atomic structure. The computational results of
surface processes reinforced the mechanism proposed on the basis of these experimental data
by reproducing the variation and trends in optical properties and the bowing of band gap as a
function of sulfidation level of the ZnS.@ZnO., heterostructures. This ion—exchange approach
is flexible allowing the use of various sulfuring agents, such as H»S or notably (TMS),S, whose
strong oxygen atom extractor effect induces large scale structural modification. This global
reorganization into hybrid heterostructures of tunable physicochemical properties are pertinent

for studying other elaborate heterostructures of semiconducting nature.

EXPERIMENTAL SECTION

Synthesis All air—sensitive manipulations were conducted under an inert atmosphere in an
argon—filled Braun LABstar Eco glovebox or by standard Schlenk technique under argon. All
glassware was heated in an oven at 90 °C overnight and cooled under vacuum prior to use. Dry
and oxygen—free THF used for synthesis was collected from LabSolv (Innovative Technology)
solvent purification system, while anhydrous mesitylene was used without further purification.

ZnCy> was stored at -20 °C in the glovebox and all other reagents were used without any further
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purifications. Commercial reagents were obtained from the following vendors and used without
further purification: Nanomeps: ZnCy, Acros Organics: dodecylamine (DDA), Sigma—
Aldrich: (TMS),S, H2S solution in THF (0.8 M), Eurisotop: H2'"O (35-40% 7O labelled).

ZnO iNPs In a glove box, Zn(Cy)> (300 mg, 1.29 mmol) was added to a THF (20 mL)
solution of DDA (240 mg, 1.29 mmol) in a Schlenk flask. After diluting the reaction mixture
with additional THF (16 mL), the flask was taken outside the glove box and a stock solution
of H>O in THF (2 equiv. of H,O in 1.0 mL of THF) was added to the reaction mixture. The
reaction is left to stir at room temperature for overnight. After 16 h of reaction time, the as—
obtained ZnO iNPs were used in the sulfidation reaction with suitable amount of (TMS),S as
described below.

ZnS,@ZnO1-x iNPs To the suspension of ZnO iNPs from the previous step was added
outside the glove box appropriate amount of (TMS),S (0.2, 0.5, 0.8 or 1.0 equiv.) in a dropwise
manner. After the addition, the flask was left to stir for 22 h at room temperature. Upon
completion of the reaction, volatiles were removed under vacuum and the product was washed
with dry pentane and degassed acetone (3 x 10 mL) and centrifuged (2 x 15 min at 3500 rpm).
The remaining solid was dried under vacuum to yield orange yellow to orange solid depending
of the amount of (TMS),S reagent used. All ZnS,@ZnO:-. iNP samples were washed with
pentane and acetone to remove the excess of DDA. This washing facilitates the sample
manipulation because after the washings, the sample evolves from a sticky paste to a fine
powder. Note that the formation of disulfide (S2)*" bonds are not to be expected to form under
the very mild reaction conditions used herein.

ZnO NRs In a glove box, Zn(Cy)2 (300 mg, 1.29 mmol) and DDA (2 equiv., 480 mg, 2.59
mmol) were weighed into a small vial and the latter was placed inside a larger vial equipped
with a septum. The setup was transferred outside the glove box and degassed H>O (4 equiv.,

93 uL, 5.18 mmol) was added via syringe to the larger vial, while taking careful precaution to
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avoid direct contact with the content of the smaller vial. The setup was wrapped with
aluminium foil and the reaction mixture was left to stand at room temperature for four days.

ZnS,@Zn0O1-x NRs The obtained ZnO NRs (1.29 mmol) from the previous step were
dispersed in THF (12 mL) in a Schlenk flask equipped with a magnetic stirring bar. After taking
the flask outside the glove box, appropriate amount of (TMS).S (0.2, 0.5, 0.8 or 1.0 equiv.)
was added dropwise and afterwards the flask was left to stir for 22 h at room temperature. Upon
completion of the reaction, volatiles were removed under vacuum and the product was washed
with dry pentane and degassed acetone (3 x 10 mL) and centrifuged (2 x 15 min at 3500 rpm).
The remaining product was dried under vacuum to yield orange yellow to orange solid
depending of the amount of (TMS).S reagent used. All ZnS,(@ZnO;-x NR samples were
washed with pentane and acetone to remove the excess of DDA. This washing facilitates the
sample manipulation because after the washings, the sample evolves from a sticky paste to a
fine powder.

ZnS.@Zn'"01- iNPs or NRs The synthesis of !’O-labelled heterostructures were carried
out the same way as described above, except using H>'’O (35-40% 'O labelled) instead of

H»O.
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