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ABSTRACT: Polar surfaces of ionic crystals are of growing technological importance, with
implications for the efficiency of photocatalysts, gas sensors and electronic devices. Creation of
ionic nanocrystals with large percentages of polar surfaces is an option to improve their
efficiency in aforementioned applications but is hard to be accomplished because they are less
thermodynamically stable and prone to vanish during the growth process. Herein we developed a
strategy that is capable of producing polar surface dominated II-VI semiconductor nanocrystals
including ZnS and CdS, from copper sulfide hexagonal nanoplates through cation exchange
reactions. The obtained hexagonal prism-shaped wurtzite ZnS hexagonal nanoplates have
dominant {002} polar surfaces, occupying up to 97.8% of all surfaces. Density functional
calculations reveal the polar surfaces can be stabilized by a charge transfer of 0.25 eV/formula
from the anion-terminated surface to the cation-terminated surface, which also explains the
presence of polar surfaces in the initial Cu1.75S hexagonal nanoplates with cation deficiency prior
to cation exchange reactions. Experimental results showed that the HER activity could be
boosted by the surface polarization of polar surface dominated ZnS hexagonal nanoplates. We
anticipate this strategy is general and could be used to other systems to prepare nanocrystals with
dominant polar surfaces. Furthermore, the availability of colloidal semiconductor nanocrystals
with dominant polar surfaces produced through this strategy open a new avenue for improving

their efficiency in catalysis, photocatalysis, gas sensing and other applications.
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Despite the entire unit cell of an ionic crystal is neutral, the charge distribution may take
specific configurations, resulting in positively charged and negatively charged surfaces which are
called polar surfaces.!™ One of the most interesting consequences of this phenomenon is that
certain polar surfaces of ionic crystals will create a macroscopic electrostatic field across the
crystal.’ The electric fields in the near-surface space charge regions influence the spatial charge
distribution by promoting the charge separation and accumulating electrons and holes on the two
end surfaces perpendicular to the electric field,® ! resulting in super photocatalytic activities and
enhanced sensitivity, with relevance to a wide range of applications in catalysis, photocatalysis,

gas sensing, piezoelectronics and magnetoresistive devices.!* !

Compared with non-polar surfaces, polar surfaces of nanocrystals usually have higher
energy and therefore they are thermodynamically unstable. To minimize the energy of the
systems, these polar surfaces tend to diminish and even vanish during the growth process,
producing nanocrystals dominated by thermodynamically stable surfaces with low surface

energy. Thus the production of nanocrystals with exposed polar high-energy surfaces is



important but challenging. To this end, tremendous efforts have been devoted in the development
of controllable synthesis of nanocrystals with dominant high-energy surfaces and exploiting their
enhanced surface properties for photocatalytic and sensing applications, as demonstrated in a
variety of materials including ZnQ,>!%!415:17:182021 Tj(5,13.2224 and Ce0,.2527 Although some
studies have been done in understanding the polarity and stability of the polar surfaces of CdSe?*
2 and PbSe® nanocrystals, to the best of our knowledge, however, traditional II-VI
semiconductor nanocrystals (including zinc and cadmium chalcogenides but excluding ZnO)

with dominant polar surfaces have yet been reported and the stabilization mechanisms were less

understood.

We report on a facile approach for preparing II-VI semiconductor nanocrystals with
dominant polar surfaces from copper sulfide nanocrystals through cation exchange reactions (see
Materials and Methods in the Supporting Information for details). In comparison to colloidal
semiconductor nanocrystals prepared by the wet-chemical approaches which only have very
small percentages of polar surfaces, ZnS hexagonal nanoplates synthesized through cation
exchange reactions were dominated by high-energy polar {002} surfaces, accounting for as high

as 97.8% among all surfaces of the nanocrystals.
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Scheme 1. Percentage of the {002} polar surfaces of wurtzite ZnS nanocrystals with various

morphologies including dot, rod, rectangular platelet and hexagonal plate.

We herein use wurtzite ZnS as an illustrative example to substantiate how the percentage of
polar surfaces of all surfaces can be modulated by altering the morphologies from dot, rod and

rectangular platelet to hexagonal plate (Scheme 1). A ZnS dot with a diameter of 4 nm has a

zinc-terminated (002) polar surface and a sulfur-terminated (OOi) polar surface, with percentages
of {002} polar surfaces of being ~11.6% (see Section 2 in the Supporting Information for details).
The equator of a special dot consists of six non-polar (100) type surfaces, which are connected
with the non-polar surfaces by a combination of (101) and (103) surfaces and steps.’! When the
c-axis of the wurtzite dot is elongated, the morphology of the dot particle changes into rod (4 nm
in diameter and 20 nm in length), with the non-polar {100} side surfaces being the dominant
surfaces.>’3® Then the percentage of polar surfaces reduces to 2.0% (see Section 2 in the
Supporting Information for details). As for a rectangular nanoplatelet sample (with a width of 13
nm, length of 60 nm and thickness of 1.4 nm), the basal (110) surfaces are connected by the (100)
surfaces, forming a rectangular prism with each end terminated with the {002} polar
surfaces.’’® The percentage of polar surfaces of a plate sample is about 2.1%, which is very
similar to that of a rod sample. When the {002} becomes the dominant surfaces, the sample turns
into a hexagonal plate (Scheme 1, with a lateral size of 500 nm and thickness of 5 nm), with a
percentage of the polar surfaces of 97.8% (see Section 2 in the Supporting Information for
details). The above analysis clearly shows that wurtzite ZnS nanocrystals with dominant polar

surfaces are attainable through tailoring their morphologies.



Next, we used wet-chemical approaches to synthesize wurtzite ZnS nanocrystals with a
variety of morphologies (Experimental Section in the Supporting Information). Experimental
results showed that the syntheses of wurtzite ZnS nanocrystals with a small portion of polar
surfaces such as dots (Figure S1), nanorods (Figure S2) and rectangular nanoplatelets (Figure S3)
were feasibly achieved. However, synthesis of wurtzite ZnS hexagonal nanoplates with dominant
polar surfaces as depicted in Scheme 1 is difficult by direct colloidal synthetic approaches. Thus
it is of great importance to develop a new strategy that is capable of producing such colloidal II-

VI semiconductor nanocrystals with dominant polar surfaces.

Rather than using the direct synthesis wet-chemical approaches, we therefore developed a
procedure that is capable of producing polar surface dominated ZnS hexagonal nanoplates by
exchanging Cu® with Zn*" in copper sulfide nanocrystals, as schematically illustrated in Figure
la. Highly uniform copper sulfide hexagonal nanoplates were synthesized using a thermal
decomposition method from single-source precursors developed previously by our group.®’ The
hexagonal prism-shaped copper sulfide hexagonal nanoplates were dominated by two basal
planes, with a lateral size of 120 + 5 nm. Some hexagonal nanoplates shown in the transmission
electron microscopy (TEM) images were stacked together due to the weak interparticle
interaction (Figure 1b). A close inspection on the copper sulfide hexagonal nanoplates standing

on their edges reveals that the thickness of the hexagonal nanoplates is ~5 nm (Figure 1c).
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Figure 1. a) Schematic showing the production of ZnS hexagonal nanoplates from Cu,.«S hexagonal
nanoplates through a cation exchange reaction. Photographs of both Cu,S and ZnS hexagonal nanoplates
dispersed in toluene solutions were included showing the color change in relation to the cation exchange
reactions. TEM images of b), ¢) Cu.«S and d), €) ZnS hexagonal nanoplates. f) AFM image of ZnS
hexagonal nanoplates and the associated height profile of individual ZnS hexagonal nanoplates marked by
the yellow dashed line. g) Comparison of XRD patterns of ZnS (blue pattern) and Cu,.«S (orange pattern)
hexagonal nanoplates. Inset shows an intensity scale expansion by 10 times (red pattern). The standard
XRD cards for wurtzite ZnS (PDF#89-2942, top), hexagonal Cu,S (PDF#26-1116, bottom) and anilite
Cui 75S (PDF#33-0489, bottom) were included for references. h) Comparison of absorption spectra of ZnS

and Cux«S hexagonal nanoplates.

After the cation exchange reaction, the products retained both size and morphology of those
of the initial copper sulfide hexagonal nanoplates (Figure 1d, le). The height profile of ZnS
hexagonal nanoplates revealed by an atomic force microscopy (AFM) image confirmed that the
thickness of the produced ZnS hexagonal nanoplates is ~5 nm, suggesting the thickness of the

nanocrystals also maintained as that of the initial copper sulfide hexagonal nanoplates. X-ray



diffraction (XRD) pattern of the initial and final samples were compared in Figure 1g. As seen
from the XRD pattern (Figure 1g), the diffraction peak at 28.1° can be indexed to the hexagonal
CuzS phase (high-chalcocite) with a space group of P63/mmc and the rest of the satellite peaks
match anilite Cui.75S phase, with the diffraction intensity of diffraction peak at 28.1° being one
magnitude stronger than those of other peaks. This suggests that the product of copper sulfide
hexagonal nanoplates contains a predominant hexagonal Cu,S phase together with an anilite
Cui.75S phase. Upon cation exchange reaction, an evolution from mixed phases of hexagonal
CuzS and anilite Cui.75S of the initial sample (denoted as CuxxS) (Figure 1g, bottom pattern in
orange) to a phase that could be indexed into wurtzite ZnS (PDF#89-2942) for the fully
exchanged sample (Figure 1g, middle pattern in blue) was observed, without the presence of any
addition phases. Notably, the diffraction band centered at 28.5° corresponding to the (002) plane
of wurtzite ZnS hexagonal nanoplates is much broader than others in the XRD pattern (Figure
1g). The remarkably broaden feature of the diffraction corresponding to the (002) plane suggests
that the obtained wurtzite ZnS hexagonal nanoplates have the smallest dimension along the [002]
direction while the massive intensity of this diffraction peak indicates a large number of
repetition of the crystal lattice along the (002) plane, being in consistence with morphology of
ZnS nanocrystals revealed by TEM measurements in Figure 1d and le. Remarkably, the
percentage of polar {002} surfaces out of all surfaces of the obtained ZnS hexagonal nanoplates
is 83.9%, demonstrating that wurtzite ZnS hexagonal nanoplates with dominant polar {002}
surfaces had been successfully produced through cation exchange reactions. Worthy of note is
that, we were able to increase the percentage of {002} polar surfaces to ~97.8% in wurtzite ZnS
hexagonal nanoplates, which were prepared from ultralarge lateral sized Cu2xS hexagonal

nanoplates*’ using the same cation exchange reactions (Figure S4).



Optical absorption spectroscopy provides further insights into the formation of ZnS
hexagonal nanoplates from Cu2«S hexagonal nanoplates through cation exchange reactions. As
shown in Figure 1h, the absorption spectrum of the initial copper sulfide characterized by a
localized surface plasmon resonance peak in the near-infrared range (orange curve in Figure 1h),
which is consistent with the literature results.*!** The ZnS hexagonal nanoplates show an
absorption edge with its maximum at 310 nm from which a band gap of 4.0 eV was extracted.
This value is slightly larger than the band gap of the bulk wurtzite ZnS (317 nm, 3.91 eV)* due
to the quantum confinement of carriers in ZnS hexagonal nanoplates. These results are consistent
with the color change of solutions from brownish (Cu2xS) to colorless (ZnS) depicted in the

photographs in Figure la.

To elucidate how hexagonal CuzS nanoplates evolve into hexagonal ZnS nanoplates, we
firstly conducted partial cation exchange that produced CuxS-ZnS hexagonal hetero-nanoplates
by adding insufficient amount of zinc precursors in the cation exchange reactions (See
Supporting Information for details). As depicted in Figure 2a, the produced nanoparticle indeed
showed two domains. High-resolution TEM (Figure 2b) and the associated fast Fourier transform
(FFT) analysis confirmed that these two domains were correlated to ZnS (Figure 2¢) and CuxS
(Figure 2d). The formation of CuzS-ZnS hexagonal hetero-nanoplates was further confirmed by
high-angle annular dark-field imaging (HAADF)-scanning TEM (STEM) (Figure 2e) and
STEM-energy dispersive X-ray (EDX) element mapping measurements (Figure 2f-j). Evidently,
the CuzS domain in the HAADF-STEM image (Figure 2e) had a better contrast compared with
ZnS one, which is consistent with the larger mass of CuzS. The STEM-EDX element maps
(Figure 2f-)) indeed corroborate the formation of CuzS-ZnS hexagonal hetero-nanoplates with

homogenous distribution of all the copper, zinc and sulphur elements.



Figure 2. a) TEM b) HRTEM images of Cu2S-ZnS hexagonal hetero-nanoplates produced by partial
cation exchange. c) and d) are FFTs of the marked areas in b). ¢) HAADF-STEM image and f-j) element

maps of CuzS-ZnS hexagonal hetero-nanoplates.

A TEM image of a typical ZnS hexagonal nanoplate with ultralarge lateral size is presented
in Figure 3a. Some wrinkles were observed on the ultralarge sized ZnS hexagonal nanoplates,
which could be induced by the relaxation of the crystal lattices in two-dimensional thin
nanostructures (Figure S5).>> HRTEM analysis on the selected area marked by a red rectangle of
an individual ZnS hexagonal nanoplate in Figure 3a showed that the spacing of the lattice planes
is 0.33 nm, corresponding to a typical distance of the {100} planes (Figure 3b). Analysis of the

crystal lattices (Figure 3b) showed that ZnS hexagonal nanoplates grew mainly along the six
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symmetric directions of £[100], £[1-10] and +[010], with zinc-terminated (002) polar surface
and sulfur-terminated (002) polar surface as top and bottom basal planes, respectively. HRTEM
analysis revealed that the cation exchange resulted in the formation of monocrystalline ZnS
nanocrystals displaying the expected wurtzite structure, with no detectable defects, as shown in
Figure 3c. The fast Fourier transform (FFT) analysis corresponding to Figure 3¢ showed a
characteristic six-fold diffraction symmetry (Figure 3d) and matched well with the simulated one
using Crystal Maker (Figure 3e), further confirming that the c-axis of the wurtzite structure is

perpendicular to the basal planes of the ZnS hexagonal nanoplates.

Figure 3f compares the atomic sketches of the representing (101) lattice slabs of hexagonal
CuzS (left panel) and the (100) lattice slabs of wurtzite ZnS. The similarity of the S frameworks
of two phases is indeed noteworthy. The anion lattice of ZnS also maintains the same to ZnS.
After substitution of Cu” ions by Zn*" ions, the initial CuS lattice underwent a contraction of 9.3%
along the ab plane (a equals to 4.23 A for Cu,S and 3.84 A for ZnS) and an expansion of 13.7%
along the c-axis (c equals to 5.52 A for CuzS and 6.28 A for ZnS). Such a relatively small
difference in the anion sublattice between two structures may explain why the S? anion

sublattice remained unaltered during the cation exchange reactions.

We further conducted the electrochemical tests to elucidate the activity of polar surface
dominated ZnS hexagonal nanoplates in catalytic hydrogen evolution reactions (HER) in
comparison to that of regular ZnS nanocrystals (See the Supporting Information for details).
Compared with regular ZnS rectangular nanoplatelets, polar surface dominated ZnS hexagonal
nanoplates indeed showed enhanced HER performance (Figure S6). The onset overpotential of
polar surface dominated ZnS hexagonal nanoplates and regular ZnS rectangular nanoplatelets is

183 mV and 263 mV, respectively. The results suggest that the HER activity can be boosted by

11



the surface polarization of polar surface dominated ZnS hexagonal nanoplates. Our experimental
results demonstrated that polar surface dominated ZnS NCs indeed had enhanced activity in

catalytic HER.
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Figure 3. a) TEM image of ZnS hexagonal nanoplates. b) HRTEM image of the highlighted area in a).
Inset shows the FFT of this image. c) HRTEM of a selected area of ZnS hexagonal nanoplates. d)
Experimental and e) simulated FFTs of c). f) Atomic sketches of the representing (101) lattice slabs of
hexagonal Cu,S (left panel) and the (100) lattice slabs of wurtzite ZnS, showing the structural
isomorphism of the two phases and the evident preservation of the anion sublattice during the cation

exchange reaction.
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To demonstrate the generality of this strategy, it has been used to synthesize hexagonal
nanoplates with dominant polar surfaces of other II-VI semiconductors such as the benchmark
material of CdS, starting from CuzxS hexagonal nanoplates. After the cation exchange reactions,
the produced CdS nanocrystals preserved the size and morphology as those of the initial Cux«xS
hexagonal nanoplates (Figure 4a and 4b) and the XRD measurements showed that indeed the
CdS structure was formed (Figure 4c). The diffraction band centered at 26.5° corresponding to
the (002) plane of wurtzite CdS hexagonal nanoplates is much broader than others in the XRD
pattern, which suggests the obtained CdS hexagonal nanoplates are dominated by the {002}
polar surfaces (Figure 4c). For the cation exchange with Cd, the absorption onsets blue-shifted to
~450 nm, consistent with the smaller band gap of CdS and the yellowish color of the solution
after cation exchange reactions (Inset Figure 4b). This demonstrates the expansion of the polar

surface dominated hexagonal nanoplates through a straightforward reaction.
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Figure 4. TEM images of the initial Cu».«S hexagonal nanoplates and the produced CdS hexagonal
nanoplates through cation exchange reactions. Inset photographs were toluene solutions dispersed with
the hexagonal nanoplate samples. ¢) Comparison of XRD patterns of Cu,xS and CdS hexagonal
nanoplates. The standard XRD cards for wurtzite ZnS (PDF#89-2942, top), hexagonal Cu,S (PDF#26-
1116, bottom) and anilite Cu; 75S (PDF#33-0489, bottom) were included for references. d) Comparison of

absorption spectra of Cu,«S and CdS hexagonal nanoplates.

Clean-cut polar surfaces with a diverging electrostatic energy are unstable, but can be

stabilized once the inherent dipole is counteracted by the processes like surface reconstruction.

Previous studies on polar surfaces, especially the ZnO(001) and ZnO(OOi) planes,* 7 have been
focusing on the surface structure and relaxation, while the essence of the stabilization mechanism
has been neglected. No matter how the surface reconstructs and what pattern forms, the
consequences are the reduction of net surface charge, and the surface is always composed of the
dominant cation-terminated (anion- terminated) regions and anion-terminated (cation-terminated)
patches, which, namely, acts as a charge transfer (or neutralizer).*® In this study, we employed
density functional theory (DFT) to gain further insights on the charge transfer mechanisms that
are responsible for the stabilization of the dominant polar surfaces of colloidal semiconductor

hexagonal nanoplates (see Materials and Methods in the Supporting Information for details).*->°

To accomplish such an analysis, we need the surface energy of the polar surface (001) and (OOi)
with different charge transfer between them. We therefore, developed a method to calculate this
surface energy with variant charge transfer between the cation-terminated and anion-terminated
surfaces (See Surface energy calculations in the Supporting Information for details). In practice,
we built two slab supercells, one with the cation-terminated surfaces on both the top and bottom
surfaces, and the other with the anion-terminated surfaces on both ends (Figure S7). There is a
net charge on the surfaces, but no dipole in the slab. Then, we added electrons in the supercell

with cation-terminated surfaces and remove the same number of electrons in the other with
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anion-terminated surfaces, and the overall surface energy can be calculated. This surface energy
corresponds to the average of the clean-cut polar surfaces (001) and (OOi) with different charge
transfer from (OOi) to (001). In the meantime, the surface energy of individual (001) can be

obtained given the cation chemical potential, and subsequently the surface energy of (001).
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Figure 5. a) Stick-ball model of a) non-polar (100) surface, b) non-polar (110) surface, and c) polar (002)
surfaces of wurtzite ZnS. Dashed lines indicate the boundary of supercell. d) Surface energy as a function
of Zn chemical potential, which is bounded by the conditions: (1) w(Zn) < p hep (Zn); (2)
W(Zn)+p _monoclinic (S)>p wurtzite (ZnS). For nonpolar surfaces (100) and (110), there is only one line
for each. For (001) surface, it has three lines for each charge transfer, namely, the stochiometric surface in

solid line, the Zn-terminated surface in dashed line and the S-terminated surface in dotted line.

Figure 5a-c compared the stick-ball model of (100), (110) non-polar surfaces and (002)

polar surfaces of wurtzite ZnS, respectively. The calculated surface energy for (001) and (OOi)
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surfaces is shown in Figure 3d together with other (110) and (100) non-polar surfaces. The first

important finding is that the average surface energy of (001) and (OOi) is at its lowest when the
charge transfer is 0.25 electron per formula (Figure 5, Table S1). The amount of charge transfer

needed to counterbalance the dipole should depend on the inherent bulk properties, however, it is

exactly equal to the cation deficiency of Cu in Cui75S. Besides, the (001) and (OOi) polar
surfaces of ZnO were also found stabilized at a cation deficiency of ~0.24.*¢ Whether it is a
magic number is beyond the scope of this study and the ability of current method, but it couldn’t
be just a coincidence. The second finding is that the polar surface can be the most stable one
under certain charge transfer and cation chemical potential. But to overtake nonpolar surfaces the

charge transfer needs to be high (>0.5 electron per formula) for the polar surfaces. If charge

transfer is realized via cation/anion vacancies on (001)/(001), this means a dramatic surface
reconstruction; from another perspective, this is more like growing a cation/anion island on the

anion-/cation-terminated surface.

In conclusion, we developed a strategy capable of producing polar surface dominated
semiconductor nanocrystals, which is usually not accessible by the conventional wet-chemical
approaches. Mechanistic studies revealed that the stabilization of the dominant polar surfaces of
ZnS hexagonal nanoplates was achieved through a charge transfer of 0.25 eV/formula from the
anion-terminated surface to the cation-terminated surface, which perfectly matches the
experimental observations with Cui.75S being the most stable phase. Polar surface dominated
ZnS NCs indeed had enhanced activity in catalytic HER. This work sheds lights on the surface
engineering of nanocrystals, with relevance to a wide range of photocatalytic and sensing

applications.
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