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Pulsed axial epitaxy of colloidal quantum dots
in nanowires enables facet-selective passivation

Yi Li"2, Tao-Tao Zhuang1'3, Fengjia Fan®>, Oleksandr Voznyy 3. Mikhail Askerka3, Haiming Zhu®, Liang wu',
Guo-Qiang Liu', Yun-Xiang Pan’, Edward H. Sargent® 3 & Shu-Hong Yu® 2

Epitaxially stacking colloidal quantum dots in nanowires offers a route to selective passivation
of defective facets while simultaneously enabling charge transfer to molecular adsorbates -
features that must be combined to achieve high-efficiency photocatalysts. This requires
dynamical switching of precursors to grow, alternatingly, the quantum dots and nanowires -
something not readily implemented in conventional flask-based solution chemistry. Here we
report pulsed axial epitaxy, a growth mode that enables the stacking of multiple CdS quantum
dots in ZnS nanowires. The approach relies on the energy difference of incorporating these
semiconductor atoms into the host catalyst, which determines the nucleation sequence at
the catalyst-nanowire interface. This flexible synthetic strategy allows precise modulation
of quantum dot size, number, spacing, and crystal phase. The facet-selective passivation of
quantum dots in nanowires opens a pathway to photocatalyst engineering: we report pho-
tocatalysts that exhibit an order-of-magnitude higher photocatalytic hydrogen evolution rates
than do plain CdS quantum dots.
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hanks to their size-tailored bandstructures, colloidal

quantum dots (QDs) represent a class of materials of

interest in nanoelectronics and nanophotonics!~°. The trap
states in colloidal quantum dots, which typically arise from sur-
face dangling bonds, can strongly localize photoexcited carriers
and impede charge carrier extraction”8. Surface-coordinated
ligands such as phosphonic acids, carboxylic acids, and halides
mitigate this problem®!l; however, efficient passivation for
chalcogen-rich (111) facets is yet to be developed, largely due to
the fact that most ligands are Lewis bases that do not bind
to electron-rich dangling bonds®°.

Epitaxial shell passivation offers an alternative route to
decoupling surface traps from the core material; however, the
resulting charge carrier confinement inside the cores limits
applications that require carrier transfer and extraction!>13, such
as photocatalysis. Technologies that seek simultaneously to
achieve surface passivation and charge transfer in quantum dots
remain an important goal.

Recently, single and multiple QDs have been axially stacked in
a nanowire (i.e. quantum-dots-in-nanowire, denoted as QDNW)
via gas-phase substrate-based methods!#~17, such as selective-
area epitaxy and vapor-liquid-solid (VLS) growth. These have
been used to showcase promising applications as single-photon
sources!8-21 and lasers*2-24. Intriguingly, for semiconductors
with zinc blende (ZB) and wurtzite (WZ) structures, the epitaxial
direction of QDNWs tends to be [111],5/[0001]wz.

We hypothesized that trap state recombination on the (111)
facets of QDs could be mitigated, yet carrier extraction from the
sidewalls maintained, in the QDNW system, thereby enhancing
photocatalysis. However, these substrate-based methods produce
thick nanowires with diameters of tens to hundreds of nan-
ometers. Given that the large surface-to-volume ratio plays a key
role in photocatalysts, and wide bandgap tunability offers new
avenues for performance optimization, we sought strategies that
would permit us to reduce the size of QDNW architectures®>.

Colloidal synthesis provides access to small-sized QDs and
nanowires?®2”. Unfortunately, despite its tremendous develop-
ment in the past decades?®-33, controllable axial epitaxy of QDs
within nanowires remains technologically challenging, especially
via one-pot growth approach. Although cation exchange reactions
have been used to prepare colloidal superlattices exhibiting high
stability®4, a high—level control over structural parameters has yet
to be demonstrated - a consequence of fast reaction kinetics.
Solution-liquid-solid (SLS) and solution-solid-solid (SSS) methods
have been used to grow axial heteronanowires>>. In particular,
the in-situ growth of axial heteronanowires on a substrate has
been achieved via a flow-based SLS method3® - chemical pre-
cursors inside the microfluidic reactor were dynamically switched
to grow the distinct segments. However, in colloidal syntheses
nanowires are instead suspended in solution, and precursors are
not readily removed as in substrate-based methods, a fact that
restricts dynamic control over precursor concentrations and
resulting composition along the nanowire3”-38,

Here we show that, in a catalyst-assisted growth process, the
growth of semiconductor nanowires can be switched by injecting
precursors for quantum dots, which are then incorporated into
the host catalyst and nucleate first at the catalyst-nanowire
interface. Once the injected precursors are depleted, the original
semiconductor will resume its growth. Thus, we can achieve the
dynamical switching of precursors in conventional flasks. We
term this one-pot synthetic strategy pulsed axial epitaxial growth
(PAEG), highlighting its ability to modulate the stacking of
multiple CdS QDs in ZnS nanowires by controlling the pulsed
introduction of the Cd precursor. These selectively-passivated
architectures provide a platform to achieve superior photo-
catalytic performance in cocatalyst-free CdS-based photocatalysts.

Results

Design principles of QDNWs. In the SSS-based growth strategy
(Fig. 1a), a solution-phase semiconductor precursor is incorpo-
rated into a solid superionic conductor catalyst to form solid
solution through high-density cation vacancies’®. When the
concentration of a foreign cation in the catalyst reaches super-
saturation, the semiconductor starts to grow at the solid-solid
interface in a layer-by-layer manner. SLS growth is similar to SSS
growth, except that liquid nanoparticles are used instead as the
catalyst.

In order to fabricate QDNWSs with a finely controlled interface
and QD composition, size, and spacing, it is important to use a
slow growth rate. According to the Gibbs-Thomson (GT)
effect3®40, higher supersaturation of foreign atoms in catalysts
gives rise to a higher growth rate. For this reason, SSS growth
rather than SLS growth is preferred because a lower solubility and
supersaturation in the solid catalyst can be achieved, thereby
allowing for slower growth3%4l. The low solubility facilitates
faster depletion of foreign atoms in the solid catalyst, resulting in
a sharper heterointerface. Aggregation or coalescence of the small
catalyst, which takes place in the SLS growth, can be mitigated in
SSS growth*243,

Here we selected - in order to stack axially an array of spaced
CdS QDs in ZnS nanowires in a one-pot growth — solid Ag,S
as the host catalyst. With the coexistence of Zn and Cd precursors
in the flask, the incorporation sequence of foreign semiconduc-
tors into catalysts is key to determine the corresponding
compositional distribution in the nanowires.

The following reactions describe single Cd/Zn atom incorpora-
tion:

Ag, S,+CdR, — Ag,, ,S,Cd + byproducts (1)

Ag, S,+ZnR, — Ag,, ,S,Zn + byproducts (2)

where CdR, and ZnR, represent the Cd (Cadmium diethyl-
dithiocarbamate) and Zn (Zinc diethyldithiocarbamate) precur-
sors, respectively. In each reaction, the resultant catalysts
(Agy,—1S,Cd and Agy, ;S,Zn) can be either neutral (+0) or
singly-charged (+1). Thus, we define the relative intercalation
energy (RIE) of Cd/Zn atoms into Ag,S lattice as:

RIE = E[Ag,, ;S,Cd|+E[ZnR,]-E[Ag,, ;S,Zn|—E[CdR,]
3)

The relative intercalation energies for Cd/Zn atom incorporat-
ing into the Ag,S lattice were calculated using density functional
theory (DFT) (Fig. 1b and Supplementary Fig. 1). For the neutral
insertion, RIE is —0.53 eV per unit cell, indicating that Cd is
energetically preferred over Zn for incorporation into Ag,S. A
similar result was also obtained for the charged insertion with RIE
of —0.29 eV per unit cell. Therefore, once the Cd precursor is
added, the growth of ZnS nanowires switches to epitaxial growth
of CdS QDs, and re-epitaxy of ZnS can take place after the
depletion of Cd precursor (Fig. 1c). Thus, we dynamically switch
the axial composition in nanowires by controlling the introduc-
tion of the Cd precursor, an advantage not readily achieved in
prior flask-based syntheses.

Controlled synthesis of colloidal CdS-ZnS QDNWs. Figure 2a
and Supplementary Figs. 2, 3 present low-magnification trans-
mission electron microscopy (TEM) images of mCdS-nZnS
QDNWs, where m is the number of CdS QDs (also addition times
of Cd precursor) and n is the number of ZnS segments. With
increasing times of Cd addition, we observed an increasing
number of CdS QDs in the nanowire, as seen in the contrast in
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Fig. 1 One-pot growth of colloidal QDNW:s via pulsed axial epitaxy. a Schematic of the SSS growth mechanism for one-dimensional (1D) semiconductor
nanowires. b DFT-calculated relative intercalation energies (RIE) for neutral (4-0) and charged (41) insertion of Cd/Zn into Ag,S catalysts, respectively.
In both cases, Cd insertion is energetically favorable over Zn. ¢ (Upper panel) Schematic concentration evolutions of semiconductor atoms in catalysts
with reaction time during the pulsed axial epitaxy. Addition of Cd precursor results in overwhelming incorporation of Cd into the Ag,S host catalysts
compared with that of Zn. In each cycle, CdS QDs epitaxially stack in nanowires right after the introduction of Cd precursor, followed by re-growth of
ZnS segments, enabling the in-situ axial epitaxy of QDs in nanowires (bottom panel)

the TEM images. Correspondingly, the UV-vis absorption spectra
and powder X-ray diffraction (PXRD) patterns (Supplementary
Fig. 4) suggest that the number of CdS QDs in each nanowire
increases stepwise as well. Without replenishing Zn precursor
during the growth, we stacked up to five CdS QDs in a single
nanowire (Supplementary Fig. 5).

We further used EDS element mapping (Fig. 2b and
Supplementary Fig. 6) and linescans (Fig. 2c and Supplementary
Fig. 7) to characterize the axial composition distributions in
representative 3CdS-4ZnS QDNWs. We found that CdS QDs
are incorporated into ZnS nanowires with substantially equal
spacing, a finding that is further confirmed using dark-field
scanning TEM (STEM) images (Fig. 2d-f and Supplementary
Fig. 8). The typical high-resolution TEM (HRTEM) images
(Fig. 2g and Supplementary Fig. 9) of ZnS/CdS/ZnS segments
reveal two epitaxial modes along the [111]5/[0001]y7 crystalline
direction: ZB-ZnS/ZB-CdS/WZ-ZnS epitaxy and WZ-ZnS/ZB-
CdS/WZ-ZnS epitaxy (see details in Supplementary Note 1 and
Supplementary Fig. 10). Fast Fourier transforms (FFTs) of the
HRTEM images confirm the high crystallinity of CdS segments
and a lack of observable stacking faults. We interpret these
images as consistent with the view that strain induced by a
lattice mismatch is elastically released by the lateral surface**4>.
The axial length of CdS segments is 3.9 + 0.5 nm (Fig. 2h), which
is close to 12 monolayers of CdS (111) facet, in agreement with
the view that CdS segments in our QDNWs are within the
quantum-confined size regime (exciton Bohr diameter of CdS
is ca. 5.5 nm)%°.

We sought to further challenge the flexibility of the PAEG
strategy, and found that — with controlled growth temperature,
time, and introduction sequences of precursors — we modulate
controllably the size of each segment in the QDNWs. The size
of initially-nucleated Ag,S catalysts increases when we raise the
temperature from 190°C to 250 °C, yielding nanowires with
larger diameter (from 4.6 nm to 12 nm, Fig. 3a, b, Supplementary
Fig. 11, and Supplementary Note 2).

Using time-dependent growth experiments, we find that
QDNW growth proceeds at a constant rate (roughly 1 nm min
~1, see Fig. 3c and Supplementary Fig. 12). This suggests that
variation in the concentration of the Zn precursor in the early
stages has a modest influence on the nanowire growth rate. We
can replenish the Zn precursor and elongate ZnS segments that
sandwich the CdS QDs (Supplementary Figs. 13, 14). In this way
we control the spacing of CdS QDs (Fig. 3d and Supplementary
Fig. 15) via growth time. As a proof of concept, we further
synthesized ultralong QDNWs with 10 CdS QDs (i.e., 21 segments
in total, see Fig. 3e and Supplementary Fig. 16). We also
demonstrated that we can increase the length of CdS segments by
repeatedly injecting the Cd precursor (Supplementary Fig. 17).

Photocatalytic performance and physical mechanism analysis.
We explored the application of the QDNW architecture in pho-
tocatalytic water splitting. In the as-synthesized QDNWs, CdS
(111) facets are selectively passivated by ZnS segments, allowing
long-lived charges from the sidewalls of CdS segments (Fig. 4a) to
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Fig. 2 Synthesis and characterization of CdS-ZnS QDNWs. a TEM images of QDNWs with zero to three CdS QDs (from left to right). b Dark-field STEM
images and EDS element mapping images of 3CdS-4ZnS QDNWs, shown with Ag-K (yellow), Cd-K (green), Cd-L (blue), Zn-K (orange), and S-K (red)
signals. ¢ EDS line-scan profiles of the 3CdS-4ZnS QDNW along the red dash line in dark-field STEM image. d Representative dark-field STEM image of
3CdS-4ZnS QDNWs. e Enlarged dark-field STEM image of single 3CdS-4ZnS QDNW. f Low-magnification pseudocolored dark-field STEM image of 3CdS-
47ZnS QDNWs. CdS QDs with high contrast are uniformly distributed in nanowires. g Representative HRTEM image of one CdS QD sandwiched between
two ZnS segments, featuring a [111]25/[0001]yy 7 epitaxial direction. Inset: the FFT image of CdS segment (red square). h Axial length distribution of CdS
QDs in 3CdS-4ZnS QDNWs. Scale bars are 50 nm for a, d, and f, 20 nm for b, ¢, and e, and 2 nm for g, respectively

participate in the redox process. We further investigated the
hydrogen evolution rates of different photocatalysts (Fig. 4b
and Supplementary Fig. 18) under visible-light irradiation
(>420nm). The 3CdS-4ZnS QDNWSs exhibit an enhanced
hydrogen evolution rate, achieving 15+ 2 umolh~! compared
with both ZnS (2.2 + 0.4 pmol h~!) and plain CdS (9 + 3 umol h
~1) counterparts. The apparent quantum efficiency (AQE) at
420 nm is 1.4% for QDNWs (Supplementary Fig. 19), the value
arising due to lack of efficient cocatalysts. Since the CdS com-
ponent acts as light absorber, we normalized the evolution rates
according to the total mass of CdS, which were determined
using inductively coupled plasma mass spectrometry (ICP-MS)

analysis. In this way, the QDNWs achieved superior photo-
catalytic activities compared to prior cocatalyst-free CdS-based
photocatalysts (Supplementary Table 1).

We sought to investigate further the underlying photophysical
processes in quantum-dot-in-nanowire structures using transient
absorption (TA) spectroscopy. To characterize the bandstructure
of the 3CdS-4ZnS QDNWs, we first subtracted the absorption of
Ag,S tips and obtained the ground state transition energies from
absorption spectra by fitting with Gaussian functions (see details
in Supplementary Note 3, Supplementary Fig. 20, and Supple-
mentary Table 2). Figure 4c shows the absorption spectrum
and Gaussian-fitted first exciton transition (1S.—1S,) of the
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Fig. 3 Modulation of geometric parameters in QDNWs. a, b Representative TEM images (a, from left to right) and the corresponding diameter distributions
(b) of CdS-ZnS QDNWSs grown at temperature of 190 °C, 210 °C, 230 °C, and 250 °C, respectively. ¢ Time dependence of nanowire length for QDNWs
with different initial ZnS growth time. Error bars in ¢ correspond to standard deviation values of each newly grown ZnS segment. d (Left panel) Dark-field
STEM image of QDNWSs with modulated spacings of CdS QDs. (Right panel) The spacing of two adjacent CdS QDs (i.e., ZnS length) versus ZnS growth
time. Error bars in d correspond to standard deviation values of each newly grown ZnS segment. e Representative STEM image of an ultralong QDNW with
10 CdS QDs (i.e., 21 segments in total). Scale bars are 20 nm, 50 nm, and 20 nm for a, d, and e, respectively

3CdS-4ZnS QDNWs. The bottom panel in Fig. 4c is a typical TA
spectrum recorded at 50 ps following a 365 nm photoexcitation
that selectively excites CdS. The ground state bleach (GSB)
centered at 460 nm is attributed to the state filling of the 1S.—1S},
excitonic transition. As the degeneracy of the valence band is
much higher, the GSB is dominated by electrons in the
conduction band*’. We found that electrons in the 1S. state of
CdS-ZnS QDNWs depopulate faster than those of plain CdS
QDs (Fig. 4d and Supplementary Fig. 21). We attribute the
longer electron lifetime to a lower density of trap states in this
selectively-passivated architecture, where the two (111) end facets
of CdS QD account for around 42% of its total surface area.
The photoluminescence (PL) spectra of QDNWs and plain QDs
share similar features (Supplementary Fig. 22a), while the PLQY
of QDNWs (11 +0.4%) is 4.5x higher than that of plain QDs
(2.5+0.2%), indicating improved passivation in the QDNWs
(Supplementary Fig. 22b).

We further performed DFT calculations on the electronic
structures of plain CdS QDs (Fig. 4e) and CdS QDs axially
stacked in a nanowire (Fig. 4f and Supplementary Fig. 23),
respectively, to understand the nature of trap state passivation.
In the plain CdS QDs, trap states originate principally from (111)
facets and strongly localize the photoexcited charges. The
(111) facets of QDs stacked in a nanowire are well passivated,
allowing charges to spread over the entire QD, a fact that
facilitates charge transfer during photocatalytic processes. Over-
all, the DFT results indicate that epitaxy on the (111) facets
balances surface passivation and charge transfer.

To extract efficiently the long-lived electrons in the QDNWs,
we further decorated gold nanoparticles (NPs) on CdS QDs
(Supplementary Figs. 24-26). Dark-field STEM images and EDS
element mapping images of (3CdS/Au)-4ZnS confirm the site-
selective nucleation of Au NPs on CdS QDs, which is attributed
to the smaller lattice mismatch between CdS and Au than that
between ZnS and Au (see details in Supplementary Note 4 and
Supplementary Fig. 27). The amount of Au in (3CdS/Au)-4ZnS
QDNWs, as quantified by ICP-MS, is about 4.5wt% of the
nanowires. TA decay kinetics show a fast decay of electron
populations in CdS excited state after Au decoration, evidencing
that the photoexcited electrons in CdS QDs are efficiently
transferred to Au NPs. Such facilitated charge separation
contributes to a substantially increased hydrogen evolution rate,
reaching 34 + 3 umol h~! (20 mg photocatalyst with 3.2 mg CdS
inside). The sample of 3CdS-4ZnS showed good photocatalytic
stability with <8% degradation following 8 cycles (totally 32 h);
while the (3CdS/Au)-4ZnS shows a modest photocatalytic
stability with 25% degradation following 8 cycles. We observed
ripening of Au NPs and the losses of Au NPs on parts of CdS
segments (Supplementary Note 5 and Supplementary Fig. 28).

Discussion

The PAEG strategy provides control over the composition,
dimension, number, and spacing of the segments in QDNWs.
The strategy may be extended to other colloidal QDNW systems
by selecting judiciously the host catalyst, semiconductor material,
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and precursor. QDNWSs with fine-tuned structural parameters
can be fabricated with the aid of programmed precursor injection
using a syringe pump. The optical properties of QDNWs can be
improved by shell passivation. Ultimately, QD-based applications
in lasers??, single-photon sources*3, and single-electron detec-
tors*” can be envisioned.

Methods

Synthesis of CdS-ZnS quantum-dots-in-nanowire. First, the metal-
diethyldithiocarbamate (dedc) precursors of Ag(dedc), Zn(dedc),, and Cd(dedc),
were prepared using a previously-reported method?!. The ultrathin CdS-ZnS
QDNWs were then synthesized via a catalyst-assisted method. Ag(dedc) (14.3 mg)
and Zn(dedc), (235.5 mg) were added into 10 mL 1-dodecanethiol in a three-neck
flask and heated to 210 °C within 22 min. 10 mL oleic acid was then slowly injected
after keeping the solution at 210 °C for 5 min. The reaction mixture color gradually
turned turbid gray. After initial ZnS growth for a selected time (30-60 min), 40 mg
Cd(dedc), was added in situ into the reaction at a time interval of 20 min. An
aliquot of products in each stage was taken and precipitated using ethanol for

analytical studies. The final QDNWs were collected and centrifuged. The products
were washed twice with hexane and ethanol for further use. The synthetic proce-
dures for other quantum-dot-in-nanowires with different structural parameters are
similar to the above case, and are detailed in Supplementary Methods.

Synthesis of CdS quantum dots. CdS QDs with average diameter of 3.2 nm were
synthesized in a similar reaction system to ensure the same crystalline and surface
properties with the CdS segment in QDNWs. Typically, 250 mg Cd(dedc), in 2 mL
1-dodecanethiol and 10 mL oleic acid was heated to 260 °C within 25 min and kept
for 5 min before 10 mL oleic acid was injected into the hot solution. The reaction
was kept for another 30 min and then cooled to room temperature. The resulting
nanocrystals were cleaned using the procedure mentioned above.

Synthesis of Ag,S quantum dots. 15 mg Ag(dedc) in 10 mL 1-dodecanethiol was
heated to 140 °C within 15 min and kept for 10 min. The resulting nanocrystals
were cleaned using the procedure mentioned above.

Site-selective deposition of Au NPs on CdS of the QDNWs. In the synthesis of
ternary (3CdS/Au)-4ZnS QDNWs, 1 g AuCl; was first dissolved in 20 mL hexane
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and 20 mL oleylamine, forming a clear yellow solution. Then 15 mg as-prepared
3CdS-4ZnS nanowires was well dispersed in 6 mL oleylamine in a three-neck flask
and 150 uL HAuCl, solution was added. The reaction was heated slowly to 100 °C
within 12 min under magnetic stirring and kept for 30 min. The resultant nano-
crystals were collected and centrifuged at 8000 r.p.m. for 5 min. The products were
further washed twice using hexane and ethanol.

Photocatalytic water splitting experiments. The hydrophobic nanomaterials
were transferred from hydrophobic to hydrophilic media via a ligand exchange
method in a two-phase solution®!*0. Photocatalytic H, production was carried
out in a Pyrex top-irradiation reaction vessel connected to a glass-closed gas
circulation system. For each reaction, 20 mg catalyst was dispersed in an aqueous
solution (100 mL) containing Na,S (0.25 M) and Na,SO; (0.35 M) as hole
scavengers. The reaction solution was evacuated several times to remove air
completely prior to visible-light irradiation under a 300 W Xe lamp (Newport
Corporation) coupled with a UV-cutoff filter (>420 nm). The temperature of the
reactant solution was maintained at 20 °C by a flow of cooling water during the
reaction. Hydrogen was analyzed by a gas chromatograph (Agilent Technologies
Corporation) equipped with a thermal conductivity detector. The final content
of Cd in each photocatalyst was further quantified using ICP-MS analysis. The
apparent quantum efficiency (AQE) was measured under the identical photo-
catalytic reactions by using 420 nm, 450 nm, 475 nm, 500 nm, and 520 nm band
pass filters. The light intensity was calibrated using an irradiation meter. The AQE
was calculated by equation (4):

AQE = 2Ny /N x 100%, (4)

where Ny denotes the number of H, molecules and Np denotes the number of
incident photons.

Characterization. The X-ray diffraction patterns (XRD) were measured using a
Philips X’Pert Pro Super X-ray diffractometer equipped with graphite-
monochromatized Cu Ka radiation (A = 1.5406 A). Nanocrystals dispersed in
hexane were drop-cast on carbon-supported Cu grids for transmission electron
microscopy (TEM) and high-resolution transmission electron microscopy
(HRTEM) observations, which were performed using Hitachi H-7700 (Japan) and
JEOL-2100F (Japan) with an acceleration voltage of 100 and 200 kV, respectively.
Energy dispersive X-ray spectroscopy (EDS) with linescan and mapping modes and
high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) were carried out using Talos F200X electron microscope (FEI
Inc.) operated at 200 kV. Inductively coupled plasma mass spectrometry (ICP-MS)
was carried out on Optima 7300 DV to analyze Cd and Au content in each
photocatalyst. UV-vis absorption spectra were collected on UV-2600 (Shimadzu
Corporation, Japan) at room temperature with nanocrystals dispersed in toluene.
Fourier transform infrared spectra (FTIR) were collected on Thermo Nicolet 6700.
Photoluminescence spectra were collected using Fluorolog-3-Tou spectrometer
(Jobin Yvon Inc.) at room temperature with nanocrystals dispersed in toluene. The
absolute photoluminescence quantum yields (PLQY) were measured on an abso-
lute PLQY spectrometer (c11347, Hamamatsu Inc.) with nanocrystals dispersed in
toluene. All the size distributions of nanomaterials were analyzed by measuring
more than 200 particles in TEM images using Image] software.

Transient absorption measurements. The 1030 nm fundamental (5 kHz) was
produced using a Yb:KGW regenerative amplifier (Pharos, Light Conversion). A
portion of this beam was sent through an optical parametric amplifier (Orpheus,
Light Conversion) to generate the 3.4 eV photoexcitation pulse (pulse duration
~250 fs). Both the photoexcitation and fundamental were sent into an optical
bench (Helios, Ultrafast). The fundamental, after passing through a delay stage, was
focused into a sapphire crystal, generating the probe as a white light continuum.
The frequency of the photoexcitation pulse was reduced to 2.5kHz using a
chopper. Both beams were then focused onto the sample, which was housed in a 1
mm cuvette. The probe was then detected by a CCD (Helios, Ultrafast). Samples
were translated 1 mm/s during the measurement.

Calculations on the relative intercalation energy. We used ground state DFT
with the Perdew-Burke-Ernzerhof (PBE)>! GGA exchange correlation functional as
implemented in the Vienna ab initio simulation package (VASP)*? to perform
structural optimization of the materials. All calculations allowed for spin polar-
ization. We used plane wave energy cutoff of 520 eV and Gaussian smearing of 0.2
eV to converge the electronic problem. The Monkhorst-Pack k-points mesh of 900
atom™! and the force convergence criterion of 0.0005 eV per atom x N atoms in
the unit cell were used as implemented in the MPRelaxSet class of the Pymatgen
Python package®!=>>.

The structure of the acanthite Ag,S unit cell was taken from ref. . To
minimize the effect of image charge images interaction, the unit cell was replicated
twice in x, y, and z directions resulting in a supercell of 96 atoms. In the
intercalated supercells, one Ag™ ion was replaced with a Zn?*/Cd?* ion. Both the
charged (+1) and neutral resulting supercells were considered.

Calculations on the facet-selective passivation. DFT calculations were
performed using the Quickstep module of CP2K software®’, using a mixed
Gaussians-plus-planewaves basis set. Godecker-Teter-Hutter pseudopotentials®®
were used along with PBE generalized gradients approximation exchange-
correlation functional®!, molecule-optimized double-zeta basis set*”, and a 500 Ry
grid cutoff.

The nanostructures of ~2.5 nm in diameter (~1000 atoms) were simulated in
a (50 A)? box. They were prepared starting from a zincblend CdS structure. All
the surface atoms with 2 dangling bonds were passivated with an SH molecule,
mimicking a thiol, or by creating an S-S dimer and converting these atoms to a
configuration with a single dangling bond (XYZ structures attached). Similar
results were obtained by terminating all surface Cd atoms having 2 dangling bonds
with Cl, which is a computationally convenient model ligand that is electronically
similar to oleic acid. Surface atoms with a single dangling bond were left
unpassivated. Such surface structure underestimates the true surface passivation
but is known to be sufficient to open the bandgap, i.e., eliminates the deep traps.
Cd-rich (111) facet was left unpassivated, with the exception of several Cd
vacancies to release the strain that arises from such unpassivated Cd adopting
the planar sp? geometry. S-rich (111) facet was also left unpassivated as no L-type
or X-type ligand can bind to electron-rich S dangling bonds. In the periodic
case that is representative of a longer nanowire, traps on (111) facets are eliminated
by the selective passivation.

Data availability
The data that support the findings of this study are available on request from the
corresponding authors (S.-H.Y. or EH.S.).

Received: 22 June 2018 Accepted: 25 October 2018
Published online: 23 November 2018

References

1. Kagan, C. R, Lifshitz, E., Sargent, E. H. & Talapin, D. V. Building devices
from colloidal quantum dots. Science 353, aac5523 (2016).

2. Adinolfi, V. & Sargent, E. H. Photovoltage field-effect transistors. Nature 542,
324-327 (2017).

3. Dai, X. et al. Solution-processed, high-performance light-emitting diodes
based on quantum dots. Nature 515, 96-99 (2014).

4. Klimov, V. L et al. Single-exciton optical gain in semiconductor nanocrystals.
Nature 447, 441-446 (2007).

5. Fan, F. et al. Continuous-wave lasing in colloidal quantum dot solids
enabled by facet-selective epitaxy. Nature 544, 75-79 (2017).

6. Bao, J. & Bawendi, M. G. A colloidal quantum dot spectrometer. Nature 523,
67-70 (2015).

7. Kim, D, Kim, D.-H., Lee, J.-H. & Grossman, J. C. Impact of stoichiometry
on the electronic structure of PbS quantum dots. Phys. Rev. Lett. 110, 196802
(2013).

8. Voznyy, O. & Sargent, E. H. Atomistic model of fluorescence intermittency
of colloidal quantum dots. Phys. Rev. Lett. 112, 157401 (2014).

9. Peterson, M. D. et al. The role of ligands in determining the exciton relaxation
dynamics in semiconductor quantum dots. Annu. Rev. Phys. Chem. 65,
317-339 (2014).

10. Adachi, M. M. et al. Microsecond-sustained lasing from colloidal quantum
dot solids. Nat. Commun. 6, 8694 (2015).

11. Tang, J. et al. Colloidal-quantum-dot photovoltaics using atomic-ligand
passivation. Nat. Mater. 10, 765-771 (2011).

12. Pal, B. N. et al. ‘Giant’” CdSe/CdS core/shell nanocrystal quantum dots as
efficient electroluminescent materials: strong influence of shell thickness on
light-emitting diode performance. Nano Lett. 12, (331-336 (2012).

13. Jeong, B. G. et al. Colloidal spherical quantum wells with near-unity
photoluminescence quantum yield and suppressed blinking. ACS Nano 10,
9297-9305 (2016).

14. Panciera, F. et al. Synthesis of nanostructures in nanowires using sequential
catalyst reactions. Nat. Mater. 14, 820-825 (2015).

15. Heiss, M. et al. Self-assembled quantum dots in a nanowire system for
quantum photonics. Nat. Mater. 12, 439-444 (2013).

16. Deshpande, S. et al. Formation and nature of InGaN quantum dots in GaN
nanowires. Nano. Lett. 15, 1647-1653 (2015).

17. Gudiksen, M. S, Lauhon, L. J., Wang, J., Smith, D. C. & Lieber, C. M. Growth
of nanowire superlattice structures for nanoscale photonics and electronics.
Nature 415, 617-620 (2002).

18. Claudon, J. et al. A highly efficient single-photon source based on a quantum
dot in a photonic wire. Nat. Photon. 4, 174-177 (2010).

19. Deshpande, S., Heo, J., Das, A. & Bhattacharya, P. Electrically driven polarized
single-photon emission from an InGaN quantum dot in a GaN nanowire.
Nat. Commun. 4, 1675 (2013).

| (2018)9:4947 | DOI: 10.1038/541467-018-07422-4 | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Reimer, M. E. et al. Bright single-photon sources in bottom-up tailored
nanowires. Nat. Commun. 3, 737 (2012).

Versteegh, M. A. M. et al. Observation of strongly entangled photon pairs
from a nanowire quantum dot. Nat. Commun. 5, 5298 (2014).

Tatebayashi, J. et al. Room-temperature lasing in a single nanowire with
quantum dots. Nat. Photon. 9, 501-505 (2015).

Li, K. H,, Liu, X,, Wang, Q., Zhao, S. & Mi, Z. Ultralow-threshold electrically
injected AlGaN nanowire ultraviolet lasers on Si operating at low temperature.
Nat. Nanotechnol. 10, 140-144 (2015).

Ho, J. et al. A nanowire-based plasmonic quantum dot laser. Nano. Lett. 16,
2845-2850 (2016).

Li, X.-B.,, Tung, C.-H. & Wu, L.-Z. Semiconducting quantum dots for artificial
photosynthesis. Nat. Rev. Chem. 2, 160-173 (2018).

Peng, X. Band gap and composition engineering on a nanocrystal (BCEN) in
solution. Acc. Chem. Res. 43, 1387-1395 (2010).

Hu, S. & Wang, X. Ultrathin nanostructures: smaller size with new
phenomena. Chem. Soc. Rev. 42, 5577-5594 (2013).

Yang, Y. et al. A new generation of alloyed/multimetal chalcogenide
nanowires by chemical transformation. Sci. Adv. 1, 1500714 (2015).

Wu, X.-J. et al. Controlled growth of high-density CdS and CdSe nanorod
arrays on selective facets of two-dimensional semiconductor nanoplates.
Nat. Chem. 8, 470 (2016).

Carbone, L. & Cozzoli, P. D. Colloidal heterostructured nanocrystals:
Synthesis and growth mechanisms. Nano Today 5, 449-493 (2010).

Zhuang, T. T. et al. A unique ternary semiconductor-(semiconductor/metal)
nano-architecture for efficient photocatalytic hydrogen evolution. Angew.
Chem. Int. Ed. 54, 11495-11500 (2015).

Zhuang, T. T. et al. Integration of semiconducting sulfides for full-spectrum
solar Energy absorption and efficient charge separation. Angew. Chem. Int. Ed.
55, 6396-6400 (2016).

Tan, C,, Chen, J., Wu, X.-]. & Zhang, H. Epitaxial growth of hybrid
nanostructures. Nat. Rev. Mater. 3, 17089 (2018).

Robinson, R. D. et al. Spontaneous superlattice formation in nanorods
through partial cation exchange. Science 317, 355-358 (2007).

Wang, F., Dong, A. & Buhro, W. E. Solution-liquid-solid synthesis,
properties, and applications of one-dimensional colloidal semiconductor
nanorods and nanowires. Chem. Rev. 116, 10888-10933 (2016).
Laocharoensuk, R. et al. Flow-based solution-liquid-solid nanowire synthesis.
Nat. Nanotechnol. 8, 660-666 (2013).

Dong, A., Wang, F.,, Daulton, T. L. & Buhro, W. E. Solution—liquid—solid
(SLS) growth of ZnSe—ZnTe quantum wires having axial heterojunctions.
Nano. Lett. 7, 1308-1313 (2007).

Ouyang, L., Maher, K. N,, Yu, C. L., McCarty, J. & Park, H. Catalyst-assisted
solution—liquid—solid synthesis of CdS/CdSe nanorod heterostructures.

J. Am. Chem. Soc. 129, 133-138 (2007).

Wang, J., Chen, K., Gong, M., Xu, B. & Yang, Q. Solution-solid-solid
mechanism: superionic conductors catalyze nanowire growth. Nano. Lett. 13,
3996-4000 (2013).

Dubrovskii, V. G. et al. Gibbs-Thomson and diffusion-induced contributions
to the growth rate of Si, InP, and GaAs nanowires. Phys. Rev. B 79, 205316
(2009).

Wen, C.-Y. et al. Formation of compositionally abrupt axial heterojunctions
in silicon-germanium nanowires. Science 326, 1247-1250 (2009).

Sun, J. W. & Buhro, W. E. The use of single-source precursors for the
solution-liquid-solid growth of metal sulfide semiconductor nanowires.
Angew. Chem. Int. Ed. 47, 3215-3218 (2008).

Li, Z., Kornowski, A., Myalitsin, A. & Mews, A. Formation and function of
bismuth nanocatalysts for the solution-liquid-solid synthesis of CdSe
nanowires. Small 4, 1698-1702 (2008).

Sun, Y. Interfaced heterogeneous nanodimers. Natl. Sci. Rev. 2, 329-348
(2015).

Glas, F. Critical dimensions for the plastic relaxation of strained axial
heterostructures in free-standing nanowires. Phys. Rev. B 74, 121302 (2006).
Wu, K. & Lian, T. Quantum confined colloidal nanorod heterostructures
for solar-to-fuel conversion. Chem. Soc. Rev. 45, 3781-3810 (2016).

Wu, K., Zhu, H,, Liu, Z., Rodriguez-Cérdoba, W. & Lian, T. Ultrafast charge
separation and long-lived charge separated state in photocatalytic CdS-Pt
nanorod heterostructures. J. Am. Chem. Soc. 134, 10337-10340 (2012).

Lin, X. et al. Electrically-driven single-photon sources based on colloidal
quantum dots with near-optimal antibunching at room temperature. Nat.
Commun. 8, 1132 (2017).

Bjork, M. T. et al. Few-electron quantum dots in nanowires. Nano. Lett. 4,
1621-1625 (2004).

Zhuang, T. T. et al. 1D Colloidal hetero-nanomaterials with programmed
semiconductor morphology and metal location for enhancing solar energy
Conversion. Small 13, 1602629 (2017).

51. Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

52. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188-5192 (1976).

53. Jain, A. et al. Commentary: the materials project: a materials genome
approach to accelerating materials innovation. APL Mater. 1, 011002 (2013).

54, Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169-11186
(1996).

55. Ong, S. P. et al. Python materials genomics (pymatgen): a robust, open-source
python library for materials analysis. Comput. Mater. Sci. 68, 314-319 (2013).

56. Petruk, W., Owens, D. R,, Stewart, J. M. & Murray, E. ]. Observations on
acanthite, aguilarite and naumannite. Can. Mineral. 12, 365-369 (1974).

57. VandeVondele, J. et al. Quickstep: fast and accurate density functional
calculations using a mixed Gaussian and plane waves approach. Comput. Phys.
Commun. 167, 103-128 (2005).

58. Hartwigsen, C., Goedecker, S. & Hutter, J. Relativistic separable dual-space
Gaussian pseudopotentials from H to Rn. Phys. Rev. B 58, 3641-3662 (1998).

59. VandeVondele, J. & Hutter, J. Gaussian basis sets for accurate calculations
on molecular systems in gas and condensed phases. J. Chem. Phys. 127,
114105 (2007).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (Grants
51732011, 21431006, 21761132008, 81788101, 11227901), the Foundation for Innovative
Research Groups of the National Natural Science Foundation of China (Grant
21521001), Key Research Program of Frontier Sciences, CAS (Grant QYZDJ-SSW-
SLH036), the National Basic Research Program of China (Grant 2014CB931800), the
Users with Excellence and Scientific Research Grant of Hefei Science Center of CAS
(2015HSC-UE007), Anhui Initiative in Quantum Information Technologies (Grant No.
AHY050000), Ontario Research Fund - Research Excellence Program, and the Natural
Sciences and Engineering Research Council (NSERC) of Canada. DFT calculations were
performed on the IBM BlueGene Q supercomputer with support from the Southern
Ontario Smart Computing Innovation Platform (SOSCIP).

Author contributions

S-H.Y. and E.H.S. supervised the project. Y.L., T-T.Z., and F.F. conceived the idea. Y.L.
carried out the experiments, analyzed the results, and wrote the paper. F.F. and T-T.Z.
collected and analyzed the transient absorption spectra, and revised the paper. H.Z.
helped to analyze the TA data. O.V. and M.A. performed DFT calculations. L.W. helped
to analyze the crystal structure and growth mechanism. G-Q.L. and Y-X.P. helped with
the photocatalysis experiments. All authors discussed the results and assisted during
manuscript preparation.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-07422-4.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

| (2018)9:4947 | DOI: 10.1038/541467-018-07422-4 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-018-07422-4
https://doi.org/10.1038/s41467-018-07422-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Pulsed axial epitaxy of colloidal quantum dots in�nanowires enables facet-selective passivation
	Results
	Design principles of QDNWs
	Controlled synthesis of colloidal CdS–nobreakZnS QDNWs
	Photocatalytic performance and physical mechanism analysis

	Discussion
	Methods
	Synthesis of CdS–nobreakZnS quantum-dots-in-nanowire
	Synthesis of CdS quantum dots
	Synthesis of Ag2S quantum dots
	Site-selective deposition of Au NPs on CdS of the QDNWs
	Photocatalytic water splitting experiments
	Characterization
	Transient absorption measurements
	Calculations on the relative intercalation energy
	Calculations on the facet-selective passivation

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Electronic supplementary material
	ACKNOWLEDGEMENTS




