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ABSTRACT: The organization of natural materials into hierarchical
structures accounts for the amazing properties of many biological systems;
however, translating the structural motifs present in such natural materials
to synthetic systems remains difficult. Inspired by how nature creates
materials, this work demonstrates that kinetically controlled sequential
seeded growth is a general bottom-up strategy to prepare hierarchical
inorganic crystals with distinct compositions and nanostructured forms.
Specifically, 85 distinct hierarchical crystals with different shape-controlled
features, compositions, and overall symmetries were readily achieved by
altering the kinetics of metal deposition in sequential rounds of seeded
growth. These modifications in the deposition kinetics were achieved
through simple changes to the reaction conditions (e.g., pH or halide concentration) and dictate whether concave or convex
features are produced at specific seed locations, much in the manner that the changing atmospheric conditions account for the
hierarchical and symmetrical structures of snow crystals. As such, this work provides a general paradigm for the bottom-up
synthesis of hierarchical crystals regardless of inorganic material class.
KEYWORDS: colloidal synthesis, crystal growth, gold nanoparticles, multimetallic nanomaterials, heterogeneous nucleation

From adhesive properties of gecko feet to the dazzling
colors exhibited by Morpho butterfly wings, nature’s
creatures display extraordinary physical and chemical

properties that can arise from materials in hierarchical form.1−4

Yet translating the hierarchical motifs present in nature’s
materials to engineered nanostructured materials is difficult to
achieve by traditional material-processing techniques.1,5−7

Engineered nanomaterials with hierarchical features are
commonly prepared through top-down approaches (e.g.,
lithography); however, these strategies suffer from (i) complex
environments and instrumentation, (ii) difficulties in scal-
ability, and (iii) high production costs.8−11 In contrast,
hierarchical structures produced by biological systems typically
arise through bottom-up synthetic processes in which the size,
shape, functionality, and crystal structure of the materials are
well-defined throughout material formation.5−7,12,13 Mimicking
the templating observed in some biological sysems,14 hierarchi-
cally porous inorganic materials have been synthesized;
however, these synthetic inorganic systems often lack fine
structural control.15−17

Nature gives insight into how bottom-up chemical strategies
can be developed to achieve nonbiological hierarchical
structures with such fine control. Consider, for example, the
formation of snow crystals, which can adopt a range of

hierarchical structures.18−20 The form of a snow crystal begins
with heterogeneous nucleation of ice in liquid water droplets
around some dust particles in a cloud.18−20 Once the
individual droplet has converted to a snow crystal seed with
hexagonal symmetry inherent to ice, water molecules (i.e.,
monomers) from air directly solidify onto the surface of the
snow crystal.18−20 At low humidity (i.e., low supersaturation),
growth of a snow crystal is slow and hexagonal prisms will
form.18−20 In contrast, increasing the humidity (i.e., higher
supersaturation) results in faster growth in which snow crystals
with complex structures such as needles, dendrimers, and
columns are produced that all preserve the hexagonal
symmetry of the initial ice crystal.18−20 Due to the sensitivity
of snow crystal growth to the environment, a multitude of
crystals are formed as they travel through the ever changing
conditions inside a cloud.18−20
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The formation of a snow crystal can be distilled to two main
steps: (i) nucleation on a dust particle to create a seed and (ii)
growth of a snow crystal from a seed in which changes in
growth rate arise from changes in environment (e.g., changes in
supersaturation).18−20 Likewise, nanocrystals can be synthe-
sized through seeded methods in which material preferentially
deposits onto preformed crystals (i.e., seeds).21−24 By
controlling the kinetics of adatom addition (vdep) and diffusion
(vdif) on seeds, the final crystal shape can be tuned between
concave (vdep ≫ vdif) and convex (vdep ≪ vdif) morpholo-
gies.21−24 For example, Xia et al. demonstrated this concept by
systematically changing the reaction temperature during the
deposition of Pt onto nanocubic Pd seeds from Na2PtCl6.

25 At
160 °C, Pt islands formed on the Pd cubes due to strong Pt−Pt
interactions.21 By increasing the temperature of the reaction to
200 °C, the surface diffusion of Pt atoms (vdif) increases and
conformal Pt shells form around the cubes.25

The ability to tune between concave and convex structures
through kinetically controlled seeded growth provides insight
into how nanostructured crystals with different hierarchical
forms can be accessed generally by sequential rounds of seeded
growth in which the different kinetic regimes are accessed. In
fact, hierarchical crystals were achieved by sequential seeded
growth previously by simultaneously co-reducing Au and Pd
precursors in the presence of shape-controlled Au seeds;
however, only one overgrowth motif (branches) was
demonstrated.26 Here, different kinetic regimes are accessed
in different rounds of seeded growth, providing access to 85
distinct hierarchical crystals with specific structural features,
compositions, and overall symmetries. The general strategy
demonstrated here should be applicable to many material
classes.

RESULTS AND DISCUSSION
Kinetically Controlled Sequential Seeded Growth.

Here, seed-mediated co-reduction (SMCR) is used sequen-
tially as a model synthetic approach to achieve hierarchical
crystals with well-defined nanoscale features, compositions,
symmetries, and sizes.26,27 During SMCR, multiple metal
precursors are simultaneously co-reduced to deposit metals
onto metal nanocrystal seeds of defined shape in the presence
of capping agents such as hexadecyltrimethylammonium
bromide (CTAB).27,28 We note here that different capping
agents can be introduced to promote the expression of specific
facets, but these effects are typically considered a form of
thermodynamic control (i.e., they make expression of specific
facets energetically more favored).21,24,27 Although capping
agents play a critical role in nanocrystal formation, this work
focuses on demonstrating kinetic control by modulating the
vdep/vdif ratio. Under fast growth conditions (vdep ≫ vdif),
branched metal nanocrystals are formed, with branching
proceeding in the ⟨111⟩ directions in the model system
based on Au and Pd deposition on Au seeds.27,29 In contrast,
nanocrystals with convex forms are generated when the growth
rate is slowed (vdep ≪ vdif).

24,28 We leverage this ability to
access different kinetic regimes and concave versus convex
features with SMCR to sequentially build up hierarchical metal
crystals with different nanostructured features.
First, 8-branched concave nanocrystals (i.e., octopods) were

synthesized by performing SMCR with octahedral Au seeds
(Figure S1). Specifically, HAuCl4 and H2PdCl4 were co-
reduced by L-ascorbic acid (L-AA) to deposit metal onto the
octahedra in the presence of either CTAB or hexadecyl-

trimethylammonium chloride (CTAC) with NaBr. As
previously observed, the initial Oh symmetry of the octahedral
seeds is translated to the 8-branched octopods (Figure S1).27

Here, the products formed from each step in sequential SMCR
can be assigned a generation (Gn). In this case, G1 refers to the
Au/Pd octopods produced from the first round of SMCR
(Figure 1a). Earlier work produced G2 and G3 products: 32-

branched Au/Pd nanocrystals and 128-branched Au/Pd
nanocrystals, respectively, from a second and third round of
SMCR under fast growth conditions (vdep ≫ vdif; Figure 1a).

26

However, slow growth conditions (vdep ≪ vdif) have not been
integrated with sequential SMCR and are central to accessing a
diversity of hierarchical forms analogous to the diversity of
snow crystals.
To demonstrate different hierarchical structures by kinetic

control, we found the use of larger octopods as G1 seeds
beneficial on account of the greater spatial separation between
their branches (Figures S2 and S3). Given this, octopods with
a tip-to-tip length of about 160 nm were used throughout this
study as G1 seeds. Furthermore, growth is expected to occur at
the tips of G1 seeds due to lower coordination numbers of
atoms at the branch tips, and in turn, the features at the tips of
G1 can be altered by controlling the rate of metal deposition.26

Figure 1b displays the different hierarchical forms expected by
altering the reduction rate of the metal precursors, with the red
pathway indicating slow vdep (arising from slow metal precursor
reduction) and the blue pathway indicating fast vdep (arising
from fast metal precursor reduction). The rate of metal
precursor reduction was modulated by introducing HCl into
the growth solution. At higher concentrations of HCl, the
halide concentration and pH of the growth solution decrease
the rate of metal deposition, resulting in vdep < vdif.

30,31 This
decrease in metal deposition rate results in hierarchical crystals
with polyhedral features at growth sites (i.e., the tips of G1
seeds). Lower concentrations of HCl result in vdep ≫ vdif, and
in turn, hierarchical crystals with additional branching at
growth sites are expected. This pH dependence of metal
deposition rate is well-established in the seeded synthesis of Au
nanocrystals.30,31

Figure 1. Schematic of (a) sequential seed-mediated co-reduction
as a route to hierarchical branched crystals and (b) anticipated
changes in morphology from introduction of fast deposition (blue
path) or slow deposition (red path) conditions. (c) SEM images of
polyhedra-tipped or branch-tipped hierarchical structures obtained
through kinetic control. All scale bars are 100 nm.
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Scanning electron microscopy (SEM) images of the G2 and
G3 products in Figure 1c show that kinetic control can be
introduced into sequential seeded growth to obtain hierarch-
ical crystals with different nanostructured forms. At high pH
(3.31), G2 crystals with 32 branched features are produced,
with 4 branches emerging from each branch of an octopodal
G1 seed and proceeding in ⟨111⟩ directions. In contrast,
lowering the pH to 2.38 decreases the rate of metal deposition,
and hierarchical crystals with convex forms at the tips of the
octopodal G1 seeds are produced. Note, the pH of the solution
was measured prior to the addition of G1 seeds. Looking
closely, the structures at the tips of the G1 seeds adopt
octahedral morphologies, indicating that overgrowth can occur
at specific seed features with shape control. As the spatial
arrangement of the overgrowth is governed by the underlying
symmetry of the initial seeds, this demonstration reflects a
potentially general means of arranging shape-controlled
nanocrystal features in 3-D space.
Significantly, these structural motifs can be translated into

G3 products by performing another round of SMCR with G2
structures as seeds. The right path of Figure 1c shows the
hierarchical crystals with 128 branches that are produced under
high pH (i.e., fast deposition) conditions from the 32-branched
G2 seeds; as discussed in the original publication of these
structures, the assignment of 128 branches is idealized as some
branches grow into one another due to crowding but is based
on the preference of growth in ⟨111⟩ directions.26 In contrast,
low pH (slow vdep) conditions places polyhedra at the 32
branches of these G2 seeds. SEM images in Figure S4
demonstrate that these design motifs are present in many
other G3 products.
Interestingly, hyperbranched and enlarged 8-tipped poly-

hedral structures are grown by performing sequential SMCR
onto the G2 seeds with octahedral-like structures at the tips of
G1 seeds depending on the reaction pH (left path of Figure
1c). The hyperbranched structures are consistent with the
higher pH conditions favoring vdep ≫ vdif. In preceding
research, 4 branches are observed to emerge from each vertex
of a polyhedron.32 As there are 8 octahedra at the tips of the
crystals, with 5 of the 6 vertices being exposed, the preferences
for branch growth in the ⟨111⟩ direction theoretically gives
rises to 160-branched structures. However, imperfections in
the octahedra result in slightly more, or less, branches. In
contrast, the lower pH conditions should favor vdep < vdif,
encouraging enlargement of the polyhedral shapes of the
original G2 seeds with 8 octahedral-like structures. Electron
micrographs in Figure S4 further show that hierarchical crystals
with these design motifs can be synthesized in good yield.
Similar to how snow crystals maintain the hexagonal symmetry
of their initial seeds, these crystals maintain the initial quasi-Oh
symmetry throughout subsequent generations, with subtle
differences in branches breaking complete symmetry transfer.
Additional SEM characterization of the G2 structures in

Figure 2 shows the difference between hierarchical crystals
tipped with additional branches versus polyhedra. Large field-
of-view SEM images in Figure 2a,f and Figure S5 show that
hierarchical crystals are generated in high yield. Transmission
electron microscopy (TEM) images in Figure 2b and a tilt
study in Figure S6 show that 4 branches emerge from the tips
of the G1 octopods. Analysis of G2 crystals synthesized at lower
pH indeed reveals that octahedral structures grow on the tips
of G1 octopodal seeds (Figure 2f−h and Figure S6). Scanning
transmission electron microscopy (STEM) coupled with

energy-dispersive X-ray spectroscopy (EDS) and powder X-
ray diffraction (XRD) reveal that Au and Pd are alloyed in the
final crystals (Figure 2d,e,i,j and Figure S7). This composition
is ultimately important to the properties displayed by the
nanocrystals.
Au nanomaterials are finding use in many applications;

however, these materials often suffer from poor temporal and
thermal stability due to the high surface mobility of Au
atoms.33−36 Here, hierarchical crystals prepared in the manner
that produced the samples in Figure 2a,f show no major
structural changes after storage in aqueous solution for 22
months as imaged by SEM (Figure S8). Furthermore, these
crystals maintained their respective forms after being heated at
100 °C in water for 1 h (Figure S8). This stability is consistent
with the Au/Pd composition, as observed in studies of the G1
octopodal nanocrystals.21,34

To this point, this work has focused on qualitatively
analyzing the kinetics of the reaction by associating a branched
or polyhedral-tipped structure with fast vdep or slow vdep,
respectively. To provide quantitative understanding of the
process, time studies were conducted (Figure 3a,b) in which
bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium
salt (BSPP) was introduced to quench the growth from the G1
seeds into the G2 products generated at high and low pH and
at time points between 10 s and 3600 s (1 h).29,36,37 Results of
the time study are presented in Figure 3, in which the products
from 10, 120, 300, 1800, and 3600 s were analyzed by SEM
(Figure 3a,b) and the change in the tip-to-tip length is plotted
versus time (see Figure 3C). Furthermore, these data were
coupled with in situ ultraviolet−visible−near-infrared (UV−
vis-NIR) spectroscopy of the growth solution in which a
spectrum was acquired from 300 to 1300 nm every 158 s and
allows the localized surface plasmon resonance (LSPR) to be
monitored as changes in crystals’ size, shape, and composition

Figure 2. SEM images with single particle insets of (a) 32-
branched and (f) polyhedra-tipped crystals obtained from
performing seed-mediated co-reduction onto Au/Pd octopods.
(b,g) TEM and (c,h) STEM images of a 32-branched and
polyhedra-tipped crystals. Elemental maps by STEM-EDS of Au
(yellow) and Pd (red) of the respective products are presented in
d,e and i,j. All scale bars are 100 nm.
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result in shifts in LSPR position and profile.27,38,39 Results for
this work are presented in Figure 3 and Figures S9−S14.
The SEM images of products obtained under high and low

pH conditions show distinct overgrowth processes, consistent
with different kinetics (Figure 3). As the reactions progress to
300 s, the topographies of the structures are quite different,
where the surfaces of crystals grown at higher pH are rougher
initially than those grown at lower pH. The metal islands
creating the rough topographies at higher pH appear to
coalesce into branches as the reaction proceeds, whereas
smooth polyhedra grow at lower pH. Considering metal
deposition on surfaces, islands are commonly observed at high
concentrations of precursors and low temperatures, consistent
with high supersaturation/faster deposition processes and slow
adatom surface diffusion.40−43 In contrast, layer-by-layer
growth is commonly observed at low concentrations of
precursors and high temperatures, consistent with low
supersaturation/slower deposition and fast adatom surface
diffusion.40−42 Here, we propose that altering the pH of the
solutions allows us to govern whether island or layer-by-layer
overgrowth pathways occur. Looking at products synthesized
at an even lower pH (1.57), convex crystals are observed
(Figure S10). This result further supports that different growth
modes can be achieved by modulating the pH of the solution.
The overall size (tip-to-tip length) and tip widths of the

crystals were measured at each time point (Figure 3c).
Measurements are summarized in Table S1, with the
dimensions plotted versus time in Figure 3c. At high pH, the
tip-to-tip length of the crystals increases in size 1.50× faster
than the crystals grown at lower pH (Figure 3c and Figure
S11). Looking at Figures S11 and S12 and Table S2, the widths
of the tips increase at similar rates (high pH tip increase 1.08×
faster than low pH). This result is interesting but expected
given that the high energy surface sites at the tips of octopods
are preferred under kinetically controlled conditions.25,31

Generally speaking, these results demonstrate that the size of

crystals grows more rapidly at high pH when compared to
crystals synthesized at low pH.
The difference in rates of size change as a function of pH is

further supported by the UV−vis−NIR time study presented
in Figure 3d and Figures S13 and S14. When considering the
LSPR maximum of a branched nanocrystal, increasing the size
and sharpness of a branch tip results in a red shift of LSPR
wavelength.38,39,44 When comparing the LSPR wavelength
position as a function of time for both syntheses (Figure 3d
and Figure S13), the LSPR red shifts 1.26× faster for crystals
synthesized under high pH conditions when compared to the
crystals synthesized under low pH conditions (see Figure S14
and Table S2). We do note that this is not a fully quantitative
value due to changes in both size and tip sharpness as well as
composition.38,39,44 Regardless, these results do indeed support
the size analysis.
To understand the kinetics of metal deposition, the

concentration of Au and Pd in the supernatant was analyzed
at different time points by inductively coupled plasma mass
spectrometry (ICP-MS). Notably, metal decreases more
rapidly under high pH conditions (blue plots) when compared
to that at low pH conditions (red plots). When considering the
linear relation of the plots of the natural log of metal
concentration over time (Figure 4c,d and Table S2), this

analysis supports assignment of first-order reactions. This
analysis is in good agreement with recent literature in which
the reduction of the Au and Pd precursors followed a pseudo-
first-order rate law.45,46 The rates of the Au precursor
reduction were found to be −0.00084 and −0.00071 s−1 for
high pH and low pH, respectively. Similarly, the rates of the Pd
precursor reduction were found to be −0.00021 and −0.00016

Figure 3. SEM images of hierarchical crystals obtained at different
time points under (a) high pH (blue) and (b) low pH (red)
conditions. Plots of the (c) tip-to-tip size and (d) LSPR maximum
versus time (seconds) acquired through size analysis and UV−vis−
NIR spectroscopy, respectively. Unless noted, all scale bars are 100
nm. Red and blue plots refer to low and high pH, respectively.

Figure 4. Graphs of metal precursor concentration (μM) versus
time (seconds) acquired by ICP-MS. The concentration of (a) gold
and (b) palladium precursor remaining in solution at different
time points of the reaction. Plots in (c,d) are the natural log of
metal concentration compared to the reaction time with linear fit
to the plots. The good agreement is represented by displaying the
equation of the fit line and R2 value as insets in plots c and d. This
agreement is indicative of first-order reaction kinetics. Reactions
ran at high pH and low pH are colored red and blue, respectively.
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s−1 for high pH and low pH conditions. By decreasing the rate
of precursor reduction, the rate of vdep can be effectively
reduced given that the temperature, pressure, viscosity, solvent,
etc. are constant.24,47 Effectively, performing SMCR at high pH
results in scenario in which vdep ≫ vdif, and in turn, crystals
with concave hierarchical forms are observed. In contrast,
performing SMCR at low pH reduced the rate of deposition
(i.e., vdep ≪ vdif); thus, crystals with convex hierarchical forms
are observed. These results support the more qualitative
analyses by SEM topology and size as well as UV−visible−NIR
spectroscopy, as the Au and Pd precursors are reduced 1.18×
and 1.31× faster at a higher pH.
From the discussion above, introducing kinetic control into

sequential SMCR is a viable route to synthesize crystals with
tailorable nanoscale features. Reflecting back on the formation
of snow crystals, minor changes in growth conditions can result
in significant changes in crystal morphology.18−20 Similarly, the
kinetic analysis reveals that small changes in reaction kinetics
result in significant changes in the hierarchical forms. This
result will be explored further in the following section. Given
that these results are rooted in fundamental principles of
crystal growth, this work is expected to be applicable to other
inorganic material systems.
Controlling the Nanoscale Features of Hierarchical

Crystals. Similar to the results above, the final morphology a
snow crystal adopts is extremely sensitive to the humidity and
temperature.18−20 For instance, a simple change in 2 °C can
drive a snow crystal to adopt a needle-like versus a plate-like
form.18−20 To this point, this study has only looked at two
conditions: high pH and low pH. At high pH (fast vdep),
branched hierarchical crystals are formed, and polyhedra-
tipped hierarchical crystals are formed at slow vdep. Different
ratios of vdep to vdif should produce intermediate crystal shapes
not yet achieved.24,47,48 Thus, to access hierarchical crystals
with fine control over nanoscale tip features, different
concentrations of HCl and NaBr were added to the growth
solution. Here, NaBr is leveraged as an additional synthetic
lever to modulate the rate of metal deposition. Through Le
Chatelier’s principle, increasing the concentration of Br− in
solution promotes the ligand exchange of chloride metal salts
to their bromide analogues. This change in local ligand
environment is leveraged to alter the reduction potentials of
the metal precursors.28,30,31,48,49 For instance, the rate of
reduction for AuBr4− to Au is expected to be slower than that
of AuCl4

−.50 Given the discussion above, polyhedral-tipped
hierarchical crystals are expected to be achieved at high Br−

concentrations, with branched crystals achieved at lower Br−

concentrations.
SEM images in Figure 5 show the results of changing the

concentration of HCl and Br−. To understand the influence of
NaBr, CTAB was replaced with CTAC and variable NaBr. The
concentration of HCl solution increases down a column, with
row A corresponding to 0 mM HCl, row B corresponding to
12.5 mM HCl, row C corresponding to 25 mM HCl, and row
D corresponding to 50 mM HCl. Although the pH of the
growth solutions in rows A−D in column 1 range from 3.31 to
2.38, the pH of each growth solution was not measured. Given
this, the following discussion will focus on the concentration of
HCl. Similarly, the concentration of NaBr solution added
decreases across a row from left to right, where column A
corresponds to 400 mM NaBr solution, column B corresponds
to 350 mM NaBr solution, column A corresponds to 300 mM

NaBr solution, and column A corresponds to 150 mM NaBr
solution.
Similar to the results in Figure 1, the gradual decreasing of

HCl results in the hierarchical crystals transitioning from
branched-tipped to polyhedral-tipped crystals. Likewise,
increasing the concentration of NaBr in solution results in
the formation of polyhedral features at the tips (Figure 5, row
A) with well-defined octahedral-like structures present at high
concentrations of NaBr and branched features at lower NaBr.
This observation is in good agreement that the rate of metal
deposition decreases by increasing the concentration of
NaBr.28,30,31,49 Column 4 in Figure 5 demonstrates that
shape control at the tips of hierarchical crystals is possible in
sequential SMCR in which plate-like structures form at high
Br− and low concentrations of HCl. Interestingly, octahedral-
like structures can be achieved at high Br− and high
concentrations of HCl. Furthermore, column 1 of Figure 5
demonstrates that the branch structures at the tip can be tuned
by controlling similar conditions. Interestingly, substituting
CTAB for CTAC/NaBr results in similar structures but with
differences in tip sharpness being evident (Figure S15). Here,
we note that the conditions that produced the samples in
Figure S15 A3 (branched form) and Figure S15 D3
(polyhedral form) are the same used for samples in Figures
1 and 2.
Although the above demonstrated hierarchical crystals are

already a significant advance in themselves, materials with
specific and well-defined compositions are desirable for many
applications.51−54 SMCR has been used to synthesize materials
with diverse compositions;55−58 however, changing the
composition can directly influence the final structure. As
previously discussed, the high surface mobility of Au atoms in
monometallic Au nanocrystals commonly leads to significant
instability of crystal shape.59−61 Recall, the final morphology of

Figure 5. SEM images of hierarchical crystals obtained by
decreasing the pH and decreasing the concentration of NaBr.
The concentration of added HCl in rows A, B, C, and D was 0,
12.5, 25, and 50 mM. The concentration of NaBr solution was 400,
350, 300, and 150 mM for columns 1, 2, 3, and 4, respectively.
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the tip feature is dependent on the ratio of vdep to vdif.
24 Here,

the high surface mobility of Au is leveraged to demonstrate
that composition is an additional synthetic lever to manipulate
the nanostructuring of the hierarchical crystals. By increasing
the content of Au, the rate of surface diffusion is expected to
increase, resulting in polyhedral tip features.
Figure 6 shows SEM images of the results of changing the

Au/Pd deposition ratio as a function of HCl concentration.

The concentration of HCl solution decreases down a column
with row A corresponding to 0 mM HCl, row B corresponding
to 12.5 mM HCl, row C corresponding to 25 mM HCl, and
row D corresponding to 50 mM HCl. Different ratios of Au/
Pd metal salts were deposited by maintaining the concen-
tration of HAuCl4 solution at 10 mM and altering the
concentration of H2PdCl4 to 0.1 mM for column 1, 0.2 mM for
column 2, 1.0 mM for column 3, and 2.0 mM for column 4.
Note, this experiment was performed using CTAB as a capping
agent.
The modulation of the metal salt ratio in the growth solution

provides a synthetic handle to tune both the composition and
tip structures. For instance, features at the tip of hierarchical
crystals appear to adopt a pyramidal morphology at high
concentrations of HCl and low Pd content (Figure 6A1). In
contrast, increasing the concentration of Pd results in the
formation of branched structures. Given that the surface
diffusion of Au is faster than that of Pd and Au deposits
primarily first,36 we propose that the larger Au/Pd ratio results
in polyhedral-like structures by allowing depositing atoms to
adopt more thermodynamically favored positions. Qualita-
tively, this hypothesis is supported as the vdep decreases down a
column, and in turn, the concavity of the crystals decreases. As
observed in Figure 6, increasing the amount of HCl in the

system results in the formation of polyhedral features in which
the structural features are dependent on both the composition
and metal deposition ratios. For instance, row D of Figure 6
shows that the tip features depend on the Au/Pd ratio, with
plate-like morphologies being observed at 10:1 Au/Pd ratio
(Figure 6D3). Interestingly, performing sequential SMCR at
low concentrations of Pd salts and high concentration of HCl
results in the growth of crystals into more thermodynamically
favored cubic structures. In brief, the Au/Pd ratio is used as a
bifunctional synthetic handle to modulate the composition and
structure of the features at the tips of branched seeds.
Going beyond the Au and Pd system, hierarchical crystals

with different amounts of Au, Pd, and Ag were prepared by co-
reducing different ratios of Au/Ag/Pd salts in the presence of
CTAB and G1 seeds (Figure S16). Although it is feasible to
achieve hierarchical forms with different compositions, it is
important that one considers the deposition and surface
diffusion rates of each metal. Excitingly, these results
demonstrate that hierarchical crystals with a variety of
multimetallic compositions can be readily achieved. Overall,
the development of multimetallic hierarchical crystals with
different metals, and metal ratios, unlocks many opportunities
to design structures for diverse applications.

Beyond Hierarchical Crystals with Quasi-Oh Symme-
try. Reflecting on the formation of snow crystals, they
commonly adopt morphologies with six-fold symmetry.18−20

This symmetry is attributed to the normal form of ice adopting
a hexagonal crystal structure.20 However, the introduction of
twin planes and grain boundaries can play a significant role in
the growth and final morphology of snow crystals.20,62,63

Similarly, introducing twin planes into nanocrystals provides a
route to structures with symmetries not readily available from
single-crystalline face-centered cubic metals.62,63 Here, we
investigated the growth of hierarchical crystals from 10-
branched decahedra that have five twin planes.
Results from this work are presented in Figure 7 and Figures

S17 and S18. Scanning electron micrographs in Figure 7a,b
clearly display that decahedra (seeds, Figure 7a),63 and 10-
branched decahedra (G1, Figure 7b)29 were successfully
prepared in good yield. Higher level characterization of the
G2 structures in Figure 2 shows the difference between
hierarchical crystals tipped with additional branches versus
polyhedra. Electron micrographs in Figure 7c,d,h,i do indeed
show that hierarchical crystals with branched and polyhedral
structures can be synthesized by growing structures under high
and low pH conditions (pH of 3.09 and 2.72, respectively).
Similar to 32-branched hierarchical crystals, TEM and SEM
images in Figure 7c and Figure S17 appear to have 4 branches
growing from each of the 10 branches of the seed. Yet, the total
number of branches appears to exceed the theoretically
expected 40 branches. Similarly, polyhedra can be found at
the tips of each the 10 branches; however, the number of
polyhedra exceeds the expected 10 (Figure 7h and Figure S17).
We attribute the difference in number of branches/polyhedra
to (i) atomic imperfections in crystallographically equivalent
sites and (ii) growth around the equatorial plane of the
branched decahedra. STEM-EDS elemental mapping reveals
that both Au and Pd are incorporated into the final
nanocrystals (Figure 7e−g,j−l).
Similar to hierarchical crystals with quasi-Oh symmetry, the

nanoscale features at the tips of branched decahedra can be
tuned by altering the concentration of NaBr and the
concentration of HCl in the solution (Figure S18). In general,

Figure 6. SEM images of hierarchical crystals obtained by
decreasing the pH and decreasing ratio of Au/Pd precursors.
The concentration of added HCl in rows A, B, C, and D was 0,
12.5, 25, and 50 mM. The Au/Pd ratio in solution was 100:1, 50:1,
10:1, and 5:1 for columns 1, 2, 3, and 4, respectively.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07384
ACS Nano 2020, 14, 15953−15961

15958

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07384/suppl_file/nn0c07384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07384/suppl_file/nn0c07384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07384/suppl_file/nn0c07384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07384/suppl_file/nn0c07384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07384/suppl_file/nn0c07384_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07384/suppl_file/nn0c07384_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07384?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07384?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07384?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07384?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07384?ref=pdf


hierarchical crystals with quasi-D5h symmetry can be
synthesized using seeds with D5h symmetry. Although not
explored in this work, it can be easily envisioned that
hierarchical crystals with Ih, D3h, Td, D4h, and additional
symmetries can be readily synthesized through sequential seed-
mediated growth simply by changing the symmetry of the
initial building blocks.23,27,29

CONCLUSION
Here, sequential seed-mediated growth is demonstrated as a
versatile route to synthesize hierarchical crystals with precise
nanostructural features and compositions. By introducing
kinetic control into sequential seed-mediated growth strategies,
crystals with specific structural and compositional features
could be prepared by simply altering the pH or halide
concentration of the growth solution. Through modulation of
these two synthetic parameters, over 85 distinct inorganic
hierarchical crystals have been synthesized in this work. As this
demonstration is grounded in fundamental concepts of crystal
growth, this synthetic strategy is expected to be transferable to
many other material systems that include metal oxides, metal
chalcogenides, and more.64−66 Given the need to precisely
arrange materials in 3-D space for a variety of applications, we
envision generalizing this strategy to achieve heterostructures
as other material systems are demonstrated.

MATERIALS AND METHODS
Leveraging the principles of seed-mediated growth, kinetically
controlled sequential seeded growth can be distilled to a few general
steps. First, a growth solution is prepared in which some metal

monomer is deposited onto preformed nanoparticle seeds. This step
generates G1 nanostructures that can be used as are or as seeds for a
subsequent round of seed-mediated growth. To generate G2
structures, another growth solution is prepared to generate metal
monomers for deposition onto G1 seeds. This process can be repeated
to synthesize multiple generation of hierarchical crystals. By
introducing kinetic control into each step, the nanofeatures can be
readily tuned. Given the basis of this process in crystal growth theory,
this process is expected to be translatable to many other systems.

More specific to this system, sequential SMCR is leveraged as a
model system to generate multimetallic hierarchical crystals.26 In
brief, an aqueous solution containing metals salts, a specific
concentration of surfactant, and some amount of HCl is prepared
in a glass vial. Using L-ascorbic acid, metal salts are simultaneously co-
reduced to generate metals for deposition in the presence of
preformed seeds. For hierarchical crystals, 8-branched octopodal
nanocrystals are used to achieve hierarchical crystals with a quasi-Oh
symmetry. To achieve hierarchical crystals with a quasi-D5h symmetry,
10-branched decahedra are used as seeds. The hierarchical crystals
were centrifuged and dispersed in 3 mL of nanopure water. For
successive generations, the process above was repeated with a certain
volume of the previously synthesized hierarchical crystals.

A complete description of chemicals, synthetic procedures, and
characterization techniques can be found in the Supporting
Information.
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