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Seed-mediated synthesis is a versatile method to prepare multimetallic
nanocrystals for diverse applications. However, many fundamental questions
remain on how the structural and chemical properties of nanocrystal seeds
control the reaction pathways, especially for nonaqueous synthesis at elevated
temperatures. Herein, we elucidate the role of surface ligands and crystallinity of
Au nanocrystal seeds on the heterometallic seeded growth of Cu-based
nanocrystals. We found that weakly coordinating ligands are critical to facilitate
the diffusion between Au and Cu, which enables subsequent one-dimensional
growth of Cu. Replacing multiple-twinned Au seeds with single-crystalline ones
switched the growth pathway to produce heterostructured nanocrystals. Our
work illustrates the importance of precise control of seed characteristics for the
predictive synthesis of structurally complex multimetallic nanocrystals.
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1 Introduction

Nanoscale metal alloys have found diverse applications in renewable energy,
environmental sustainability, and information technology owing to their tunable
electronic, chemical, mechanical, photonic, and magnetic properties (Gilroy et al., 2016;
Chen et al., 2019; Huo et al., 2019; Shi et al., 2020; Zhou et al., 2021). As a community, we
have gained extensive knowledge and a mechanistic understanding of the chemical pathways
by which monometallic and bimetallic nanocrystals form and transform in solution,
particularly those made of precious metals (Liu et al., 2009; Chen et al., 2013; Personick
and Mirkin, 2013; Ye et al., 2013; Lohse et al., 2014; Burrows et al., 2016; Gilroy et al., 2016;
Wu et al., 2016; Xia et al., 2017; Shi et al., 2020; Zhou et al., 2021; Jeong et al., 2022; Wang
et al., 2022). However, the synthesis of complex metal alloy nanocrystals composed of base
metals remains less developed (Huo et al., 2019). As an earth-abundant group 11 metal, Cu
serves as the bridge between precious metals and base metals, which oxidize relatively easily.
Knowledge and insight into the formation of Cu-based nanocrystals could be generalized to
other base metals where the synthetic capabilities of well-defined nanocrystals remain
limited. Furthermore, nanomaterials based on Cu and Cu alloys are opening new frontiers in
applications ranging from plasmonics and optoelectronics to heterogeneous catalysis (Li
et al., 2014; Sun et al., 2014; Gawande et al., 2016; Jouny et al., 2018; Nitopi et al., 2019).

In recent years, dilute metal alloys (DMAs) have emerged as a new class of metal alloys
with unique properties that arise from the synergistic combination of the metals (Jung et al.,
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2019; Lee et al., 2022). DMAs are solid solutions typically comprised
of 10% or less of a secondary metal substituted into a host metal
lattice. Recently, our group reported a heterometallic seed-mediated
synthesis of monodisperse Cu-based DMA nanorods (NRs)
expressing predominantly {100} surface facets (Jeong et al., 2020).
The synthesis results in the incorporation of a low percentage (<4 at
%) of Au as individual atoms, as supported by scanning transmission
electron microscopy (STEM) elemental analysis data. Despite the
simplicity and versatility of seed-mediated synthesis (Wang et al.,
2015; Gilroy et al., 2016; Huo et al., 2019; Shi et al., 2020), many
fundamental questions remain on how the structural and chemical
properties of nanocrystal seeds control the reaction kinetics and
growth pathways, especially for high-temperature nonaqueous
syntheses (≥180°C) where alloying between depositing and seed
metals can be facile. In addition, the complex surface energy
landscape of seed nanocrystals due to the simultaneous presence
of corner, edge, and terrace atomic sites as well as surface ligands
often makes predictive synthesis of multimetallic nanocrystals
difficult (Lee et al., 2016; Xia et al., 2017).

In this work, we investigate how the surface chemistry and
crystallinity of Au seeds alter the growth pathways of Cu-based
nanocrystals. Strong-binding or densely packed ligands could limit
the accessibility of surface Au atoms and, thus, hinder atomic
diffusion and alloy formation between Cu and Au. Furthermore,
previous low-temperature (<50°C) aqueous syntheses have shown
that the morphology switched from core-shell nanocrystals to
heterodimers when changing the seeds from single-crystalline to
multiple-twinned (Lin et al., 2017), yet the influence of seed
crystallinity remains unaddressed for our Cu DMA NR synthesis.

2 Materials and methods

2.1 Chemicals

Hydrogen tetrachloroaurate trihydrate (HAuCl4.3H2O, ≥99.9%
trace metals basis), copper (II) chloride dihydrate (CuCl2.2H2O),
oleylamine (OLAM-SA, 70%), borane tert-butylamine complex
(97%), trisodium citrate dihydrate (99.0%–100.5% anhydrous basis),
sodium borohydride (NaBH4, 99%), L-ascorbic acid (≥99.0%), acetone
(99.5%), anhydrous toluene, and isopropanol (99.5%) were purchased
from Sigma-Aldrich. 1-Dodecanethiol (DDT, 98%) was purchased
from Acros Organics. Oleylamine (OLAM-TCI, 50%),
triphenylphosphine (>95.0%), hexadecyltrimethylammonium
bromide (CTAB, >98.0%), and hexadecyltrimethylammonium
chloride (CTAC, >95.0%) were purchased from TCI America.
OLAM-SA was used as received without further purification.
OLAM-TCI for Au seed synthesis was dried under vacuum at
100°C for 4 h and stored inside a N2-filled glovebox before use. All
glassware was cleanedwith aqua regia (amixture of HCl andHNO3 in a
3:1 volume ratio), rinsed thoroughly with water, and dried before use.

2.2 Synthesis of OLAM-capped Au
nanocrystals

OLAM-capped Au seeds were synthesized by using previously
reported methods (Jeong et al., 2020; Diroll et al., 2022). In a typical

reaction, 10 mL of OLAM-TCI was vacuum degassed at room
temperature for 30 min in a 50 mL three-neck round-bottom
flask, followed by flushing with N2. 10 mL of anhydrous toluene
and 0.25 mmol (98 mg) of HAuCl4.3H2O were then added to the
flask. The reaction mixture was cooled to 15°C with an ice bath.
Afterward, a separately prepared solution consisting of 0.25 mmol of
borane tert-butylamine complex, 1 mL of OLAM-TCI, and 1 mL of
anhydrous toluene was injected into the reaction solution under
stirring. After reacting at 15°C for 1 h, Au nanocrystals were purified
by precipitation with 60 mL of acetone, followed by centrifugation at
6,000 rpm for 5 min. The pellets were re-dispersed in toluene to
reach an optical density (O.D.) of 40 at the plasmonic peak
wavelength (525.3 nm).

2.3 Preparation of DDT-capped Au
nanocrystals

DDT-capped Au nanocrystal seeds were synthesized following a
previously reported ligand-exchange protocol (Kister et al., 2016; Wang
et al., 2018). Typically, a 25mL toluene solution of OLAM-capped Au
nanocrystals (O.D. = 40) was loaded to a three-neck round-bottom flask,
purged with flowing nitrogen for 10min, and heated to 80°C. Afterward,
0.36mL of triphenylphosphine obtained by heating 400mg of
triphenylphosphine at 80°C was added to the solution. The solution
color changed from red to purple within 1minute, after which 5mL
of DDT was swiftly injected into the solution. After heating at 80°C for
another 15minunder stirring,DDT-cappedAunanocrystalswere isolated
via precipitation with 20mL of acetone, followed by centrifugation at
3,000 rpm for 3min. The pellets were re-dispersed in toluene to attain an
O.D. of 40 at the plasmonic peak wavelength (525.3 nm).

2.4 Preparation of PS-grafted Au
nanocrystals

PS-PEHA ligands were synthesized in-house following our
previously reported method (Wang et al., 2021). In a typical
ligand-exchange process, 20 mg of 6.5 kDa PS-PEHA was
dissolved into 1.6 mL of anhydrous THF, to which 0.5 mL of Au
nanocrystal solution (5 mg mL−1 in anhydrous toluene) was added.
After sonication for ca. 5 s, the solution mixture was left
undisturbed for 12 h inside a N2-purged glovebox. The resultant
PS-grafted Au nanocrystals were purified via precipitation with
anhydrous heptane, followed by centrifugation at 3,000 rpm for
3 min. The precipitates were re-dispersed in anhydrous toluene to
reach an O.D. of 40 at the plasmonic peak wavelength (525.3 nm).

2.5 Synthesis of CTAB-capped single-
crystalline Au nanocrystals

CTAB-capped single-crystalline Au nanocrystal seeds were
synthesized following a previously reported protocol with slight
modifications (Lin et al., 2017). In the first step, small Au seeds
were prepared by injecting 0.6 mL of freshly prepared 10 mM
NaBH4 solution into a mixture of 5 mL of 0.5 mM of HAuCl4 and
5 mL of 200 mM CTAB under vigorous stirring at 28°C. After stirring
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for 30 s, the solution was kept undisturbed for 2 min, yielding a
brownish solution. In the second step, the following solutions were
added sequentially under vigorous stirring at 28°C to a 125 mL
Erlenmeyer flask: 20 mL of 200 mM CTAC solution, 15 mL of
100 mM L-ascorbic acid solution, 0.5 mL of the aforementioned Au
seed solution, and 20 mL of 0.5 mMHAuCl4 solution. After stirring for
30 s, the solution mixture was kept undisturbed at 28°C for 15 min. Au
nanocrystals were purified via centrifugation at 8,000 rpm for 40 min.
Afterward, the clear supernatant solution was decanted, and the
concentrated nanocrystal solution at the bottom of the centrifuge
tube was diluted with 200 mM CTAC (aq) to attain an O.D. of
40 at the plasmonic peak wavelength (522.7 nm).

2.6 Synthesis of CTAB-capped penta-
twinned Au nanocrystals

CTAB-capped penta-twinned Au nanocrystals were synthesized
following a previously reported protocol with slight modifications (Lin
et al., 2017). In the first step, small Au seeds were prepared by injecting
0.6 mL of freshly prepared 100 mM NaBH4 solution into a mixture of
10 mL of 0.5 mM HAuCl4 and 10 mL of 0.5 mM trisodium citrate
under vigorous stirring at 28°C. After stirring for 30 s, the solution was
kept undisturbed for 2 min, resulting in an orange-colored solution. In
the second step, 2 mL of this citrate-capped Au seed solution was added
swiftly under vigorous stirring to another solution prepared by mixing
18 mL of 200 mM CTAB (aq), 18 mL of 0.5 mM HAuCl4 (aq), and
0.2 mL of 100 mM L-ascorbic acid (aq) in a 125 mL Erlenmeyer flask.

After stirring for 30 s, the solutionmixture was kept undisturbed at 28°C
for 15 min. Au nanocrystals were purified via centrifugation at
8,000 rpm for 40 min. Afterward, the clear supernatant solution was
decanted, and the concentrated nanocrystal solution at the bottom of
the centrifuge tube was diluted with 200 mM CTAC (aq) to attain an
O.D. of 40 at the plasmonic peak wavelength (526.2 nm).

2.7 Seeded growth of Cu-based
nanocrystals using Au nanocrystal seeds

In a typical synthesis, 0.5 mmol of CuCl2.2H2O and 10 mL of
OLAM-SA were loaded into a 50 mL three-neck round-bottom flask.
After vacuum-degassing at 25°C followed by N2 refilling, the reaction
mixture was heated to 80°C to dissolve CuCl2, yielding a blue-colored
solution. Afterward, the reaction solution was heated to 180°C, and
0.15 mL of the Au seed solution (O.D. = 40) was injected under stirring.
After reaction at 180°C for 1 h, the mixture was allowed to cool to room
temperature. The resultant Cu-based nanocrystals were purified
through precipitation with 30 mL of isopropanol and centrifugation
at 4,500 rpm for 3 min. The nanocrystals were re-dispersed in
anhydrous toluene and stored inside a N2-filled glovebox.

2.8 Characterization

Low-magnification transmission electron microscopy (TEM)
images were recorded on a JEOL JEM 1400 plus microscope

FIGURE 1
(A) TEM image of OLAM-capped Au nanocrystals. (B) Schematic depiction of OLAM-capped, DDT-capped, and PS-grafted Au nanocrystals. (C–F)
Representative TEM images of (C)Cu0.98Au0.02 DMANRsmadewithOLAM-capped Au seeds, (D) AuCu-Cu2-x S heterodimersmadewith DDT-capped Au
seeds, and (E)Cu0.99Au0.01 DMANRsmadewith PS-grafted Au seeds and (F) their powder XRD patterns. The vertical bars in (F) represent the standard XRD
patterns of Au (JCPDS card no. 00-004-0784), Cu (JCPDS card no. 01-070-3038), Cu1.8S (JCPDS card no. 00-024-0061), and Cu2S (JCPDS card
no. 00-026-1116).
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equipped with a LaB6 filament operating at 120 kV. TEM samples
were prepared by drop-casting ca. 10 μL of nanocrystal solution onto
300-mesh carbon-coated nickel grids (Ted Pella). High-resolution
TEM (HRTEM) imaging and scanning TEM energy-dispersive
X-ray spectroscopy (STEM-EDS) analysis were performed on a
300-kV JEOL JEM 3200FS TEM equipped with a Gatan 4 k × 4 k
Ultrascan 4,000 camera. Powder XRD patterns were collected on a
PANalytical Empyrean X-ray diffractometer operated at 45 kV and
40 mA. Samples for XRDwere prepared by drop-casting nanocrystal
solutions onto single-crystalline Si substrates. Solution-phase
extinction spectra were acquired on a V-770 UV-visible/NIR
spectrophotometer (JASCO). Cu-based nanocrystals were grafted
with PS-PEHA and dispersed in tetrachloroethylene for acquisition
of extinction spectra.

3 Results and discussion

Figure 1A shows a transmission electron microscopy (TEM)
image of oleylamine (OLAM)-capped Au nanocrystals with the

average diameter of 8.7 ± 0.7 nm (Supplementary Figure S1).
These nanocrystals were subjected to ligand exchange with
dodecanethiol (DDT) and pentaethylenehexamine-terminated
polystyrene (PS-PEHA) to afford DDT-capped and PS-grafted
Au nanocrystals, respectively, while retaining the size and shape
uniformity of the Au cores (Figure 1B). The nearest-neighbor
interparticle spacings of OLAM-capped and DDT-capped Au
nanocrystal arrays were nearly identical, both of which were
much smaller than that of PS-grafted samples indicating dense
polymer grafting (Supplementary Figure S2). This library of
differently ligated Au nanocrystals allowed us to investigate how
surface ligands of seed nanocrystals control the growth pathways
during the seeded growth of Cu-based nanocrystals. As shown in
Figures 1C–E, when OLAM-capped Au seeds were replaced with PS-
grafted ones while keeping all other synthetic conditions unchanged,
DMA NRs remained the major products, albeit with increased
polydispersity in length (Figure 1E). In contrast, heterodimers
consisting of two distinct nanocrystal domains were obtained
when DDT-capped Au seeds were used (Figure 1D and
Supplementary Figure S3). Powder X-ray diffraction (XRD)

FIGURE 2
(A) HRTEM image of AuCu-Cu2-xS heterodimers synthesized using DDT-capped Au nanocrystals as seeds. (B) HAADF-STEM image and STEM-EDS
elemental maps of a single AuCu-Cu2-xS heterodimer. STEM-EDS line profiles of Cu, Au, and S along the three lines indicated. (C–F) Representative TEM
images and (G) extinction spectra of reaction aliquots sampled during the formation of AuCu-Cu2-xS heterodimers at (C) 2 min, (D) 15 min, (E) 30 min,
and (F) 60 min.
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patterns of both NR samples showed three major peaks centered at
43.2°, 50.4°, and 73.8°, which matches well with the (111), (200), and
(220) diffractions of the face-centered-cubic (fcc) Cu phase
(Figure 1F). On the other hand, heterodimers derived from
DDT-capped Au seeds exhibited three broad peaks centered at
42.1°, 49.0°, and 73.0°, which can be assigned to the (111), (200),
and (220) diffractions of the fcc Au0.2Cu0.8 random alloy phase
according to Vegard’s law (Motl et al., 2010). Other diffraction peaks
at 32.1°, 46.0°, and 53.7° can be ascribed to Cu2-xS, possibly the Cu1.8S
or the Cu2S phase, although it remains difficult to uniquely assign
the crystal phase of the Cu2-xS domain (Supplementary Figure S4).
The sample composition was analyzed by using scanning electron
microscopy energy-dispersive spectroscopy (SEM-EDS), which was
conducted over a large area of about 10 μm2 covered by more than
5,000 nanocrystals (Supplementary Table S1). The NRs made with
OLAM-capped and PS-grafted Au seeds were composed of
predominantly Cu (ca. 99 at%) and an insignificant amount of

Au (ca. 1 at%). However, a much lower Cu content (ca. 83 at%) and a
higher Au content (ca. 5 at%) were found for the Au0.2Cu0.8-Cu2-xS
heterodimers, suggesting that the rate of Cu deposition slowed down
when the Au seeds were coated with tightly bound ligands such as
alkyl thiols. High-resolution TEM (HRTEM) imaging of individual
heterodimers revealed lattice fringes with spacings of 1.9 Å and
3.3 Å, which can be ascribed to the {200} crystal planes of the fcc
Au0.2Cu0.8 random alloy and the Cu2-xS phase, respectively
(Figure 2A). These heterodimers were further characterized using
high-angle-annular dark-field scanning TEM (HAADF-STEM)
imaging. From the elemental maps shown in Figure 2B, it is
evident that both nanocrystal domains show strong Cu signals,
whereas Au and S signals were largely localized in separate domains
(Figure 2B).

To understand the formation pathway of the heterodimers,
aliquots of the reaction solution were sampled and analyzed
(Figures 2C–F). At 15 min, the nanocrystal diameter increased

FIGURE 3
(A,B) Schematic depiction and (C,D) TEM images of (A,C) penta-twinned and (B,D) single-crystalline CTAB-capped Au nanocrystals. (E,F) TEM
images, (G) powder XRD patterns, (H) extinction spectra, and (I,J)HAADF-STEM images along with STEM-EDS elemental maps of Cu-based nanocrystals
synthesized using (E,I) and red traces in (G,H) penta-twinned and (F,J) and black traces in (G,H) single-crystalline Au nanocrystals as seeds. STEM-EDS line
profiles of Cu and Au along the dashed lines are shown. The vertical bars in (G) are the standard XRD patterns of Au (JCPDS card no. 00-004-0784)
and Cu (JCPDS card no. 01-070-3038).
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slightly to ca. 10 nm due to alloying with Cu, causing a redshift of the
localized surface plasmon resonance (LSPR) from 525 nm for the Au
seeds to 535 nm (Figures 2D,G). After 30 min of reaction, the initial
Au domain increased to ca. 13 nm in diameter and became more
enriched with Cu, which resulted in the further redshift of LSPR to
567 nm (Figures 2E,G). Furthermore, protrusions with lighter
contrast were observed for nearly all particles. As the reaction
proceeded, the Cu2-xS domain continued to enlarge, while the
initial Au domain became increasingly Cu-rich (Figure 2F),
further red-shifting the LSPR to 580 nm after 60 min of reaction
(Figure 2G). From the magnitude of the LSPR shifts as a function of
time, we conclude that alloying between Au seeds and Cu was more
facile during the initial 30 min of reaction, whereas at the later stage,
Cu atoms were mostly consumed by the growing Cu2-xS domain.
Taken together, these results indicate that both the binding affinity
and grafting density of ligands on the Au seeds play a key role in
controlling the growth kinetics and pathways of Cu-based
nanocrystals. Comparing native OLAM and PS-PEHA ligands
featuring gold–amine bonds, the PEHA moiety imparts a
stronger binding strength due to its multidentate nature, yet the
long PS chains (6.5 kDa; with an average of 120 carbon along the
polymer backbone) lead to a much lower grafting density. Therefore,
an appreciable population of OLAM-bound surface Au atoms is
expected to exist due to incomplete ligand exchange. The fact that
NRs remained the major products when using PS-grafted Au seeds
suggests that weakly coordinated surface atoms of Au seeds are
crucial for the initial Cu–Au diffusion followed by breaking of
growth isotropy to produce NRs. This argument is also
supported by the absence of NR formation when using DDT-
capped Au seeds with presumably reduced accessibility and
mobility of surface Au atoms. The seemingly counterintuitive
outcome of Cu2-xS nanocrystal formation in the absence of any
explicitly added sulfur-containing reagent can be explained as
follows: at the reaction temperature of 180°C, Au–S bonds are
more dynamic than at room temperature, and DDT ligands
provide the sulfur source for Cu2-xS growth (Zhuang et al.,
2011). Furthermore, simple geometric calculations also revealed
that the number of sulfur atoms for a DDT-capped Au seed is
on the same order of magnitude as the number of lattice sulfur
anions for a single Au0.2Cu0.8-Cu2-xS heterodimer (Supplementary
Figure S5 and Supplementary Material). The slight discrepancy may
be due to the small amount of unbound DDT ligands in the Au seed
solution, which was unaccounted for in the aforementioned
calculations.

We further examined the role of seed crystallinity in the
seeded growth of Cu-based nanocrystals. CTAB-capped single-
crystalline and penta-twinned Au nanocrystals of similar sizes
were synthesized (Figures 3A–D and Supplementary Figure S6).
While NRs remained the major products with penta-twinned
seeds, heterostructured nanocrystals consisting of distinct Au-
and Cu-rich domains were obtained when using single-
crystalline seeds (Figures 3E, F). Powder XRD patterns of
both samples showed three major peaks at 43.2°, 50.3°, and
73.9°, which can be assigned to the (111), (200), and (220)
diffractions of fcc Cu (Figure 3G). The extinction spectra of
both samples displayed an intense LSPR peak at 578 nm
(Figure 3H), which is consistent with the absorption

spectrum of spherical Cu nanocrystals (Hung et al., 2010).
For those high-aspect-ratio NRs shown in Figure 3E, their
longitudinal LSPR falls beyond the measured spectral range
(Jeong et al., 2020), yet a fast-rising absorption in the
infrared region was observed on the spectrum (Figure 3H).
STEM-EDS elemental mapping was employed to characterize
the distribution of Cu and Au within individual nanocrystals.
The NRs showed homogeneously distributed Cu signals and
sparsely distributed Au signals, corresponding to Cu0.98Au0.02
DMA NRs (Figure 3I). In contrast, the single-crystalline Au
seeds were largely retained in the final heterostructured
nanocrystals exhibiting insignificant alloying with Cu
(Figure 3J). Intriguingly, the Au-rich domains (8.3 ± 0.4 nm)
appeared to be smaller than the starting Au seeds (10.0 ±
0.5 nm), indicative of slow diffusion of Au atoms into the
growing Cu domain (Figure 3J). Collectively, these results
demonstrate that crystallinity of the Au seeds plays a critical
role in determining the reaction pathways during the seeded
growth of Cu-based nanocrystals. Single-crystalline seeds appear
to be “more inert,” and thus, the large lattice mismatch between
Au and Cu dictates the early stage of the reaction resulting in
heterostructured nanocrystals. On the other hand, penta-
twinned seeds facilitate the diffusion between Au and Cu,
promoting subsequent one-dimensional growth of Cu. This
difference in diffusion kinetics is likely due to the presence of
intraparticle grain boundaries and lattice strains (Jones et al.,
1997).

4 Conclusion

In summary, we have investigated how the structural and
chemical properties of Au seeds, such as surface ligands and
crystallinity, control the reaction pathways of seeded growth of
Cu-based nanocrystals. We found that the presence of weakly
coordinating ligands such as OLAM and CTAB is critical to
facilitate the diffusion between Au and Cu, which enables one-
dimensional Cu growth. In contrast, strongly coordinating
ligands such as alkyl thiols slow down the diffusion of Cu
atoms into Au due to enhanced surface passivation, which
switches the morphology development from NRs to
heterostructured nanocrystals. Using CTAB-capped Au seeds
with well-defined intraparticle crystallinity, we further showed
that single-crystalline seeds primarily serve as heterogeneous
nucleation sites for Cu deposition, whereas penta-twinned seeds
facilitate the diffusion between Au and Cu, which enables
subsequent one-dimensional Cu growth. Our work offers new
knowledge and insights that are needed for the predictive
synthesis of multimetallic nanocrystals via heterometallic
seed-mediated synthesis.
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