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Wide bandgap semiconductor nanocrystals have attracted sig-
nificant attention in the past few years because of their size-
dependent properties and diverse applications.' ~* In particular, ZnS
is an important phosphor host material* and, when appropriately
doped, can exhibit luminescent properties.® Likewise, ZnSe has
applications in light emitting diodes and photodetectors.® While
ZnS and ZnSe crystallize in both the zincblende (ZB) and wurtzite
(WZ) structures, ZB is the most stable. The WZ polymorphs, which
are often desired because of their wider bandgaps and improved
luminescence properties,’ are metastable. While several examples
of WZ-type ZnS and ZnSe nanocrystals have been reported using
techniques that include precursor decomposition via solvothermal
reactions,® ultrasonication,” and colloidal methods,'® the ZB
structure is predominant. Because of the subtle structural differences
between the ZB and WZ structures, subtle synthetic differences
can favor one polymorph over the other. Consequently, it remains
challenging to predictably generate the WZ polymorphs and
understand the factors that play a key role in their formation.

Here we show that ZnO nanoparticles, which adopt the WZ
structure, can serve as structural templates for the controllable
formation of WZ-type ZnS and ZnSe. This finding is the result of
detailed mechanistic studies involving methods known to produce
WZ-type ZnS. The results point to the importance of forming WZ-
type ZnO as a reaction intermediate in order to preferentially
stabilize the WZ forms of ZnS and ZnSe.

WZ-type ZnS was initially synthesized using a modification of
a procedure reported by Zhao et al.'®* Briefly, ZnCl, (0.298 g) and
tetramethylammonium hydroxide (TMAH, 0.794 g) were dissolved
in 15 mL of ethylene glycol (EG) and heated to 100 °C. An EG
solution of thiourea (0.167 g in 15 mL) was then added and the
reaction was further heated to 160 °C, with aliquots taken every
10 °C from 100—160 °C to probe the reaction pathway.

Figure la shows powder X-ray diffraction (XRD) data for a
typical WZ-type ZnS nanoparticle product. Figure 1b shows XRD
data for the aliquots taken during the reaction. At 100 °C, the
product is nanocrystalline ZnO, indicating that ZnO forms initially
prior to ZnS. This is reasonable when considering the chemistry:
ZnO nanoparticles are known to precipitate within minutes when
Zn?" is reacted with TMAH in EG in this temperature range.'' As
the reaction progresses, the ZnO gradually transforms into WZ-
type ZnS, converting completely to ZnS by 160 °C. Quantitative
analysis of the XRD data for the final ZnS product (160 °C sample)
indicates that a majority of the sample (70%) consists of the WZ
polymorph.

Transmission electron microscope (TEM) images show the ZnO
nanoparticles formed in situ during the reaction that generates WZ-
type ZnS (Figure 2a), as well as the WZ-type product (Figure 2b).
Both appear morphologically similar: the primary particle sizes are
5—7 nm, and they aggregate to form ~100 nm agglomerates.
Scherrer analysis indicates particle sizes of 4—7 nm, which is
consistent with the TEM data. Photoluminescence (PL) data (Figure
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Figure 1. Powder XRD data for (a) WZ-ZnS (ZnO intermediate) and ZB-
ZnS (no ZnO intermediate) and (b) samples isolated from aliquots taken
during the formation of WZ-ZnS, showing a progression from WZ-ZnO to
WZ-ZnS. Simulated XRD data are shown for comparison.
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Figure 2. TEM images of (a) ZnO intermediate and (b) WZ-ZnS product;
(c) room-temperature PL data for ZnO and WZ-ZnS; TEM images of (d)
ZnO nanorod precursor and (e) WZ-ZnS nanoparticle product; SAED
patterns for (f) ZnO from panel d and (g) WZ-ZnS from panel e.

2c¢) further confirms the presence of the ZnO intermediate and the
WZ-type ZnS product. The emission peaks in the PL spectra of
ZnO (~360 nm) and ZnS (~330 nm) are consistent with previously
reported values.'?

In a control experiment designed to produce ZnS using an
analogous procedure but under conditions that do not first nucleate
ZnO, ZB-type ZnS forms exclusively (Figure la). Specifically,
substituting ethylenediamine (en) for TMAH and adding thiourea
at 100 °C as before, with all other conditions identical, does not
generate a ZnO intermediate. Heating ZB-ZnS leads only to further
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Figure 3. (a) Powder XRD data for WZ-ZnSe (ZnO intermediate) and
7ZB-ZnSe (no ZnO intermediate). (b) TEM image of an assembly of WZ-
ZnSe nanoparticles. Inset: SAED pattern for WZ-ZnSe nanoparticles.

crystallization and growth of that phase, not transformation into
WZ-ZnS. This implies that the WZ structure of the ZnO intermedi-
ate may help to template the formation of WZ-type ZnS, since
without the ZnO intermediate but with otherwise identical condi-
tions, the ZB polymorph forms.

Further support for the proposed mechanism comes from
applying the in situ observations to a deliberately designed ex-situ
system: the conversion of preformed ZnO nanoparticles into WZ-
type ZnS. ZnO nanorods'? (see Supporting Information for details)
were added to EG and reacted with thiourea. Figure 2d shows a
TEM image of the ZnO nanorods, which have diameters of
approximately 10 nm. Figure 2e shows a TEM image of the product.
Selected area electron diffraction (SAED) patterns confirm the WZ
structure of both ZnO and ZnS (Figure 2f,g). The WZ-ZnS product
does not retain the nanorod morphology. However, the particle
diameters are around 10 nm, which is consistent with the ZnO
nanorod breaking apart along its length during the chemical
transformation while maintaining its overall limiting size. This hints
at the atomic-scale mechanism, which may involve an ion exchange
pathway that nominally replaces oxygen with sulfur. Such a pathway
would help preserve the framework because of the low reaction
temperatures and high reactivity of the nanoscale solid but disrupt
and fracture the structure because of the significant size difference
between oxygen and sulfur.

Another control experiment provides further support for the
proposed mechanism. Preformed ZnO nanoparticles react with
thiourea in EG to form WZ-ZnS. However, the same ZnO
nanoparticles react with thiourea in water, under otherwise identical
conditions, to form ZB-ZnS. Under the basic reaction conditions
(pH 9), ZnO nanoparticles dissolve and therefore are not present
as a structural template, resulting in the precipitation of ZB-ZnS.
In EG under these conditions, ZnO is not soluble, allowing it to
serve as a structural template to form WZ-ZnS.

This structure-templating mechanism can be applied to ZnSe,
which also typically forms ZB-type nanocrystals. XRD data (Figure
3a) confirms that WZ-ZnSe is selectively formed under conditions
where ZnO forms as a reaction intermediate, while ZB-ZnSe forms
when no ZnO intermediate is present. SAED confirms that the
nanoparticle products are WZ-type ZnSe, clearly showing the /02
and /03 reflections that differentiate the WZ and ZB polymorphs.
The WZ-ZnSe nanocrystals tend to assemble into aggregates such

as the one-dimensional array shown in Figure 3b. This phenomenon
can be rationalized by the known permanent dipole moment of ZnSe
and other WZ-type semiconductor nanocrystals and is similar to
results obtained for PbSe and related nanocrystal systems.'*

By studying the reaction pathway involved in the formation of
WZ-ZnS nanoparticles, we discovered that WZ-ZnO forms first as
a reaction intermediate. This provides a predictable pathway for
generating WZ-type ZnS and ZnSe nanoparticles, and may also
help to rationalize previous reports where the WZ-type structures
were formed rather than the more stable ZB polymorphs. It should
be possible to expand this chemistry to other systems where
metastable polymorphs are desired, as well as apply conditions that
favor morphological retention in order to rigorously tune nanocrystal
size and shape and study the size dependence of the transformation.
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