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Colloidal synthesis of metal nanocrystals often relies on using reduction
kinetics to manipulate their size, shape, internal structure and composition.
Whereas the first three features can all be readily manipulated, it remains

challenging to control the composition of nanocrystals because the
reductionrate, and thus the production rate of atoms, follows an
exponential decay during the synthesis. By stabilizing the reduction
rate of aprecursor in the steady state, dropwise addition has emerged
as atransformative route for the colloidal synthesis of nanocrystals.
This Perspective highlights the advantages of dropwise addition over
traditional one-shot injection for controlling the composition and
elemental distribution of bi- and multi-metallic nanocrystals. Our
analysis demonstrates the promise of dropwise addition for achieving
the deterministic synthesis of complex nanocrystals with controlled
compositions for a range of applications, especially those related to
catalysis and energy conversion.

Inthe endeavour to tailor the properties of colloidal nanocrystals for
specific applications, methods have been developed or refined for
manipulating the size, shape, internal structure and composition of
the nanocrystals'. Despite major progress in recent years, the dispar-
ity between our capabilities in these domains of synthetic control
remains, and disparity between domains hasincreased as control over
certain synthetic domains (such as size) has become easier. Control-
ling the size of colloidal nanocrystals is relatively straightforward.
The average size of nanocrystals has aninverse relationship with the
number of seeds and is directly proportional to the amount of pre-
cursor added. To this end, decoupling growth from nucleation and
successive seed-mediated growth have emerged as two simple and
effective methods for precisely tuning the size of nanocrystals®. It
has been challenging to control the shape of nanocrystals, but over
the past two decades, progressive understanding of the interplay
between thermodynamic and kinetic parameters has enabled the
development of many protocols to achieveintricate and diverse shapes
for a multitude of nanocrystals, especially those made from noble

metals®. A similar trend has also been established for controlling the
internal structure’.

Among the four synthetic domains, composition may play the
most critical role in determining the catalytic properties of nanocrys-
tals. However, manipulating the composition experimentally, including
the atomic ratio between different elements and their spatial distri-
butions, remains a more abstruse scientific puzzle that is yet to be
unravelled. The composition of nanocrystals did not attract substantial
interest until the discovery of new optical and catalytic properties in
systems that involve two different elements. For example, localized
surface plasmon resonance is enhanced throughincorporating Aginto
the lattice of Au nanocrystals®, and highly active catalysts for oxygen
reduction were discovered by alloying Pt with Ni or Co (ref. 7). These
advances have triggered the exploration of composition, particularly
surface composition, as an effective handle for tailoring the proper-
ties of metal nanocrystals. The recent trend towards the fabrication
of catalysts based on ‘high-entropy alloys’ has further elevated the
importance of composition control®.
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Asaprerequisite for composition control, itis crucial tounderstand
how the composition of ananocrystal evolves during synthesis. Under-
standing the intricate three-dimensional distribution of several ele-
ments withinananocrystal presents amajor technical challenge. Unlike
size, shapeorinternal structure, visualizing or resolving the elemental
distribution at an atomic scale is not straightforward. Although the
overall composition of abatch of nanocrystals can be easily determined
using techniques such as inductively coupled plasma mass spectrom-
etry, the spatial distribution of each element at different sites of the
same particle or among different particles can vary dramatically. The
inhomogeneousdistribution of elements among nanocrystals, coupled
with the vital role of the surface in determining various crucial proper-
ties, highlights the need for an extensive analysis of the surface compo-
sition. Unfortunately, it remains challenging even with state-of-the-art
characterization techniques. Although advanced microscopy tools have
reached unprecedented spatial resolutions’, they still cannot reveal
surface-specific information. On the other hand, surface-sensitive
spectroscopy techniques yield only statistically averaged data'. Fur-
thermore, the technical limitations and time-consuming nature of an
instrumental analysis tend to make these methods more practical as sup-
plementary tools for verifying scientific conclusions. To gain athorough
understanding of the composition and establish a general guideline
for experimental control, we will examine the chemical reaction that
governs the formation of nanocrystals, an often overlooked approach.

The most common route for preparing bi- and multi-metallic
nanocrystals involves mixing the precursors with other reagentsina
single solution to generate atomic building blocks through chemical
reduction, where these building blocks subsequently undergo nuclea-
tion and growth to form nanocrystals”. The resulting composition
of the product is naturally determined by the relative rates at which
these elemental species are produced and added onto the surface of
agrowing nanocrystal. Despite the potentially intricate mechanisms
of nucleation and growth, the chemical reduction that is involved
often exhibits asimple character. Considering noble metal nanocrys-
tals as an example, the formation of each metal can be described as a
second-order redox reaction between two reactants: the reductant and
the precursor (or oxidant). The rate at which metal atoms are produced
isgoverned by the rate law and is influenced by the concentrations of
the two reactants. Consequently, itis conceivable to devise astrategy
forachieving precise control over the precursor concentration, thereby
ensuring that the reduction rate and the deposition rate of the cor-
responding metal atoms follow a predetermined ratio. By effectively
manipulating the precursor concentration, we can ultimately achieve
theory-based design and deterministic control over the composition
of a nanocrystal. This approach highlights the potential to control
the nanocrystal composition in a rational manner by implementing
experimental control over the precursor concentration.

This Perspective focuses onan approach known as dropwise addi-
tion, which has the potential to revolutionize the synthesis of metal
nanocrystals by controlling the reduction rates of different precursors
in the steady state. A comprehensive comparison between the main
features of one-shot injection and dropwise addition is presented to
demonstrate the advantages offered by the latter. By conducting an
in-depth analysis of the dropwise addition approach and its primary
determinants, we identify two experimental parameters that enable
tuning of the precursor concentration and therefore the on-demand
design of nanocrystals. Using alloy nanocrystals as examples, weillus-
trate how these insightsinto the characteristics of chemical reactions,
particularly the patterns of concentration variation, can accelerate
the pursuit of the predictive synthesis of complex nanocrystals with
desired compositions.

One-shotinjection versus dropwise addition
In the conventional synthesis of metal nanocrystals, the precursor
solution is usually injected into the reaction mixture in one shot
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Fig.1| Comparison of one-shot injection with dropwise addition.

a,b, Experimental set-up for synthesis involving one-shot injection (a) and

plot of the instantaneous concentration of the precursor as a function of the
reaction time (¢, =1M, k=0.5min™) (b). ¢,d, Experimental set-up for synthesis
involving dropwise addition (c) and plot of the instantaneous concentration of
the precursor as a function of the reaction time (c,=1mM, k= 0.5 min™, r=1min)
(d). Note that the instantaneous concentrations (vertical axes) in b and d differ by
several orders of magnitude between the two synthesis models, and cand c, are
equivalent to[M™]and [M™],, respectively, where ¢, corresponds to the increase
in concentration when all of the precursor solution is added in one shot (a,b) or
when one droplet is added under dropwise addition (c,d).

(Fig. 1a), followed by thermally triggered decomposition or reduc-
tion reaction(s) to trigger burst nucleation and then growth of the
nanocrystals. As the energy barrier for nucleation is much greater
than that for growth, an excess level of supersaturation is needed to
commence nucleation’. The one-shot injection technique fulfils this
requirementby using the precursor ata high concentration, thus ena-
bling fast reaction kinetics at the onset.

For simplicity, we use monometallic nanocrystals as an explana-
tory example to discuss the kinetics of a colloidal synthesis process that
typically involves the reduction of ametal precursor (M™) by areduct-
antto produce M atoms. At the initial stage, the reactionis thought to
follow asecond-order rate law because the reduction requires collision
and electron transfer between the precursor and reductant species
involved. As such, the reduction rate is directly proportional to the
concentration of both the precursor and the reductant. If the reduct-
antis presentin large excess over the precursor, the reduction can be
approximated as a pseudo-first-order reaction. In this case, the overall
reduction rate R can be expressed as follows:

R = —d[M™*]/dt = k x [M"*], o))
where [M™]is the concentration of the precursor, kis the rate constant
and tis time. This equation can be integrated to generate:

[M"+] = [M’“’]O X e—kt’ (2)

where [M™],is theinitial concentration of the precursor. The integrated
rate lawis
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R = k[M™+], x ek, (3)

Accordingto equation (3), thereductionrate will peak at the begin-
ning of a synthesis before any of the precursor has been reduced. As
such, the rapid rise in precursor concentration associated with the
one-shotinjection ensures a highinitial reduction rate, which, inturn,
leads to the generation of a large quantity of M® atoms, triggering the
formation of essentially all seeds via homogeneous nucleation within
ashort period of time. The simultaneous generation of all of the seeds
is primarily responsible for producing nanocrystals with a narrow
distribution in size. Following the emergence of the seeds, growth
commences, accompanied by size enlargement and shape evolution.
The final shape adopted by the nanocrystals is determined mainly by
theinterplay between two competing processes: atom deposition and
surface diffusion. In the case of one-shot injection, the M® atoms are
deposited at arelatively high rate, making the rate of surface diffusion
adecisive factorin controlling the shape-evolution process.

Asatypicalfeature associated with one-shot injection, the precur-
sor concentration, and thus the reaction rate, is expected to undergo
an exponential decay over time (Fig. 1b). Although such nonlinearity
and strong dependence on the rate constant k may not notably affect
the final size or shape adopted by the nanocrystals, they play a vital
role in determining the spatial distributions of different elements
when more than one metal is involved. The instantaneous composi-
tion of abi- or multi-metallic nanocrystal is determined by the relative
reduction rates of the corresponding precursors. When synthesizing
AB alloy nanocrystals from two precursors (A" and B™) using the
one-shotinjection method, the composition of the resultant nanocrys-
tal will vary constantly along the radial direction depending on the
ratio between the reduction rates of the two precursors. In general,
it becomes exceedingly challenging to experimentally control the
composition of nanocrystals that consist of two or more metals.

Inanideal scenario, where both the precursor concentration and
reaction rate constant remain the same throughout the synthesis, the
M°atomswillbe produced atastable rate to achieve a uniform distribu-
tionalongthe radial direction of ananocrystal and thus enable precise
control over the composition. However, achieving and maintaining a
constant precursor concentration throughout the synthesis is practi-
cally unfeasible. One potential strategy for overcoming this limitation
isto continually supply thereaction system with additional precursor to
compensate for what has been consumed". By dividing the total precur-
sorsolutionintosmaller portionsandintroducingthemintothereaction
mixture as regularly paced dropletsinstead of injecting it all at once, it
is possible to maintain the precursor concentration at astable level.

To simplify the analysis, we adopt amodel in which the precursor
isadded in the form of droplets of a fixed size at a specific pace while
neglecting the temperature fluctuation and volume increase of the
reaction mixture (Fig. 1c). In this model, the reduction of the precur-
sor contained in individual droplets can be treated as independent
events, with the concentration following the same exponential decay
asobservedinthe case of one-shotinjection. Forinstance, the addition
of the first droplet contributes to a rapid increase in concentration,
followed by the gradual decrease as described inequation (2) until the
second dropletisintroduced. The addition of each subsequent droplet
induces a similar pattern that features asudden increase in precursor
concentration and then exponential decay (Fig.1d). Takentogether, the
precursor concentration will oscillate up and down with the addition of
more droplets while maintaining an overall upward trend. Mathemati-
cally, theinstantaneous concentration of the precursor in thereaction
mixture attime ¢ (c,) canbe expressed as the sum of contributions from
all of the droplets added to this point™:

(t-21)
Ce=CoxeXpcyxe =D 4 cyxek + . @

+Co X e—k(t—NT) =g X e—kt(l _ eNkr+kr)/(1 _ ekr)’

Table 1| The major differences between the one-shot
injection and dropwise addition methods used to introduce
the precursors

One-shotinjection  Dropwise addition

Maintained at a stable,
relatively low level

Precursor concentration Exponential decay
from a very high

level to zero

Oscillation within a
narrow range

Variation of concentration ~ Continuous decay

over a broad range

Tuning of concentration k, co Co T

Preformed seeds Typically, not Typically involved
involved

Nucleation behaviour Homogeneous or Heterogeneous only
heterogeneous

Growth behaviour Controlled by the

deposition rate

Controlled by the
diffusion rate

Size uniformity Uniform or Uniform
non-uniform
Shape control Kinetic shape Kinetic or

thermodynamic shape

Uniform across the
particle and precisely
tunable

Continuous
variation along the
radial direction

Composition control

wherec,is theincrease in concentration contributed by anindividual
droplet, Tis the interval of time between adjacent droplets and Nis
the total number of droplets added to the mixture up to time point ¢.
According to equation (4), the concentration c,is determined by the
values of ¢y, kand 7. It can be readily calculated for any combination
of ¢, and rif the value of kis known.

According to equation (1), as the precursor concentration
increases continually, the consumption rate of the precursor also
increases proportionally. This eventually leads to asituation where the
decreasein concentration caused by reduction between two adjacent
dropletsis adequately compensated by the increase in concentration
caused by theaddition of adroplet. Thisresultsin the establishment of
asteady stateinwhich the precursor concentration fluctuates between
justtwo values defined by the upper limit (c,,) and lower limit (¢;,,), as
doesthereactionrate. The condition for establishing the steady state
canbe expressed as

Co = Cup — Cuyp X €K = ¢yp(1 — e7F). (5)

From equation (5), we canderive c,, as

Cup = Co/(1— e7kD), (6)

and ¢, as

Clow = Cup X €K1 = ¢o x e7F7/(1 — e7kT), 7)

The average concentration (c,,,) in the steady state can be calcu-
lated as the total area under the decay curve between two adjacent
droplets divided by 7:

Cavg = SoCup X €K x dt/T = [ [co/(1—e7*)] x e x dt/t ®
= Co/(k x 7).

Toillustrate the differences between one-shot and dropwise injec-
tion modes, let us examine an imaginary synthetic scenario involving
a set of experimental parameters. In the case of one-shot injection
(Fig.1b), theadded precursor contributes toatotal concentration of 1M
inthe reaction mixture. For dropwise addition (Fig. 1d), the precursor

Nature Synthesis | Volume 3 | September 2024 | 1076-1082

1078


http://www.nature.com/natsynth

Perspective

https://doi.org/10.1038/s44160-024-00600-x

a b c
3.0 3.0 3.0
25 25+ 25 1
< | £ < |
S £ €
s 20t s 20 s 20
E E £
L 15 o 15+ o 15
o L [ i
c c c
O 10 o 10} O 10}
3] ° ©
8 sl $ $
g o5f & ost &L o5+
O L L L L L O L L L L L 0 L L L L L
[o] 2 4 6 8 10 12 0] 2 4 6 8 10 12 0] 2 4 6 8 10 12

Reaction time (min)

Reaction time (min)

Reaction time (min)

Fig.2|Plotsillustrating therespective influence of k, Tand c, on the instantaneous concentration of a precursor. a-c, Compared with the green curve (whichis
thesameas thatinFig. 1d), the value of kisincreased to 1.0 min™ (a), the value of Tis increased to 2 min (b) and the value of ¢, (the increase in precursor concentration

when one dropletis added) is increased to2 mM (c).

solutionis dividedinto1,000 droplets and added at a controlled pace so
thattis1 min. Therate constant kissetto 0.5 min~inboth cases. These
parameters enable usto compare the temporal profiles of the precursor
concentrationand reactionrate under the two types ofinjectionmode.

For one-shot injection, the precursor concentration rapidly
reaches alevel of 1 M. Concurrently, the reduction reaction leads to a
rapid decayinthe precursor concentration. According to equation (2),
as shown in terms of ¢ and ¢, in the equation alongside the temporal
profile in Fig. 1b, the half-life (¢,,) of this pseudo-first-order reaction
canbe calculated as

ti2 = (In2)/k = 1.4 min, 9)

indicating that half of the added precursor will have been consumed
after only 1.4 minfromthe start of the synthesis. Notably, the reaction
will be nearly completed at ¢ =10 min as the precursor concentration
approaches zero.

By contrast, when the precursor is supplied as a train of droplets
through dropwise addition, its concentration can be maintained at a
muchlower butrelatively stable level throughout the synthesis. Upon
addition of the first droplet, the concentration reaches a modest peak
of 1.0 mM, which is equivalent to 1%, of the concentration associated
with one-shot injection. When the eighth droplet is added, a steady
state will be established, reaching the maximum concentration (that
is, the upper limit, c,;,) of 2.5 mM. It is worth noting that the upper
limitis 400 times lower than the maximum concentrationinvolvedin
one-shot injection. The average concentration in the steady state can
therefore be calculated as 2.0 mM using equation (8). The temporal
profile in Fig. 1d covers only the initial 12 min of the synthesis. In real-
ity, dropwise addition can stretch over several hours, with almost the
entire synthesis dominated by the steady-state reaction conditions.

Dropwise addition of precursor(s) offers many immediate advan-
tages over one-shotinjection. First of all, the use of precursor(s) atalow
concentration ensures alow level of supersaturation and thus enables
the elimination of homogeneous nucleation when preformed seeds
are present, leading to products with a uniform size distribution'. In
addition, the generation of M®atoms at a constant and controlled rate
enables the derivation of the growth rate by developing geometric
models that incorporate parameters such as the dimensions and lat-
tice constants of the seed, as well as the deposition rate (given as the
number of M®atoms per seed). In terms of shape control, a quantitative
knowledge of the reaction rate offers a direct means for kinetic control
of the shape evolution during growth, as discussed in several review
articles”. As for control of the composition, the dropwise addition of
several precursors offers areliable method for regulating their relative
reactionrates. A discussion of experimental control over the composi-
tion is presented in the next section. Table 1 shows a summary of the

major differences between one-shot injection and dropwise addition
for the colloidal synthesis of nanocrystals.

Controlling the composition of bimetallic
nanocrystals

For the synthesis of bi- and multi-metallic nanocrystals, achieving a
steady stateis only the first step in the quest for compositional control.
The final composition of the nanocrystals is governed by the reduc-
tion rates of the precursors involved, with the reduction rate being a
product of the precursor concentration and the reaction rate constant:

R=kxc,. (10)

Fromequations (6)-(8) and (10), the upper limit (R,,), lower limit
(Riow) and average value (R,,,) of the reduction rate in the steady state
canbederived as:

Ryp =k x co/(1—e7kD), 11
Riow = k x ¢y x e7X7/(1 — e=k7), 12)
Ravg = Co/T. (13)

AlthoughR,,andR,,, arestill defined by the same three parameters
of ¢y, kandt, R, issolely dependent onc,and 7, noton k. Therefore, the
reactivity of a precursor becomes inconsequential in determining its
reactionrate. This unique feature of dropwise addition holdsimmense
valuein experimentally controlling the composition of ananocrystal,
asitenables precise tuning of the elemental ratio by simply adjusting
the concentrations and/orinjectionrates of the precursors, regardless
of their intrinsic reactivity. This simplicity and versatility in terms of
experimental controlis advantageous. For example, when kisincreased
from 0.5t01.0 min™ (Fig. 2a), the range of variation in the reaction rate
expands from 0.75-1.25 mM min™ to 0.60-1.60 mM min due to the
changes in R,, and R,,,. However, R,,, remains at 1.0 mM min™, imply-
ing that the overall deposition rate of M° atoms remains unaffected
despite the increased reactivity of the precursor. As such, when the
precursor solutions of two different metals are prepared with the
same concentration and added to the growth solution dropwise at
the same injection rate, alloy nanocrystals with an elemental ratio of
1:1will always be obtained.

Incomparisonwith k,both rand ¢, have agreaterinfluence onthe
reductionrateinthe steady state. Increasing Tfrom1to2 minreduces
the frequency of the oscillating curve (Fig. 2b). Meanwhile, itinduces
aninversely proportional decrease in R,,, and increases the range of
variation through complicated mechanisms, as indicated by equa-
tions (11) and (12). Overall, it is pivotal to keep 7 as short as possible,
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Fig.3|Non-uniform elemental distributionin the products obtained using
one-shotinjection. a,b, Scanning transmission electron microscopy image,
elemental mappingimages (a) and EDX analyses (b) of a Pd@Pt core-shell
nanocrystal obtained through one-shot injection. ¢, Reaction rates of the Pd(Il)
and Pt(Il) precursors as a function of the reaction time. d, Simulated composition
ineach atomic layer of a core-shell octahedron. Panels aand b adapted with
permission fromref. 18, American Chemical Society.

especially when highly reactive precursors are used for the synthesis.
This requirement can be met experimentally by increasing the injec-
tion rate, applying a nozzle with a smaller diameter, using a solvent
with a lower viscosity to generate finer droplets or a combination of
these methods. Nevertheless, the last two approaches may encounter
technical challenges and material limitations during operation. If the
reactionrateis controlled by adjusting 7, separate precursor solutions
and several injection systems will be necessary.

Asillustrated in Fig. 2c, increasing ¢, from 1to 2 mMresultsin a
proportionalincrease in R, R, and R,,,, offering a straightforward
handle for controlling the reaction rate without compromising its sta-
bility. Notably, the technical simplicity offers an additional advantage,
as ¢, of each precursor can be easily controlled over a broad range by
adjusting the concentration of the precursorin the stock solution, with
its solubility being the upper limit. Different precursors can also be
prepared as asingle mixture and injected using the same fluidic system
set-up. By controlling the molar ratio between different precursors,
the composition of the resultant bi- or multi-metallic nanocrystals
can be finely tuned.

Therole played by the mode of precursor injectionin controlling
the composition of metal nanocrystals can be understood through
analysis using energy-dispersive X-ray (EDX) spectroscopy and math-
ematical simulations. The sample in this study was prepared through
one-shotinjection, where amixture of Pd(Il) and Pt(ll) precursors was
quicklyintroduced. Theresulting nanocrystals exhibited a core-shell
structure, with Pd concentrated in the core and Pt deposited asa con-
formal shell'®, This elemental distribution can be attributed to the much
greater reactivity of the Pd(Il) precursor (kpg = 1.15 min™) relative to that
of the Pt(ll) precursor (kp, = 0.427 min™). The one-shot injection pro-
moted the generation of abundant Pd atoms, leading to the formation
ofaPd-rich core (Fig.3a,b). Toaccount for the non-uniform elemental

g kpg =1.55 min™

kg, = 0.293 min™

kp, = 0.0402 min™
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Fig. 4| Controlling the composition of high-entropy alloy nanocrystals
through dropwise addition. a, Plots showing the linear relationship
between -In[M(acac),] (M =Pd, Ru, Pt, Rh) and the reaction time and the
fittings based on the pseudo-first-order kinetics measured using inductively
coupled plasma mass spectrometry. b, Simulated precursor reaction

rate as a function of the reaction time in the case of dropwise addition.

¢, Scanning transmission electron microscopy image and EDX elemental
mapping of analloy nanocrystal, showing the spatial distributions of Rh,

Pt, Pd and Ru. Panels a-c adapted with permission from ref. 14, American
Chemical Society.
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distribution, we plotted the reaction rates (derived from the concentra-
tion and rate constant of the precursor) as a function of the reaction
time. The plotin Fig.3c clearly indicates that the reduction of the Pd(II)
precursor proceeded atamuch faster rate, whereas the production of
Pt atoms was stretched over a much longer period of time. Figure 3d
shows the simulated layer-by-layer compositional profiles. Consistent
with the experimental data, the profiles show a Pd-dominant core and
agradual increase in Pt content towards the outer surface.

Extension to high-entropy alloy nanocrystals
High-entropy alloys, which contain five or more elements, have
attracted ever-increasing attention due to their inherent com-
plexity in composition and thus the multitude of possible atomic
configurations'. These alloys offer a productive platform for the devel-
opmentof advanced heterogeneous catalysts’>?. However, controlling
the composition of high-entropy alloys is more challenging compared
with the bimetallic system. For high-entropy alloys, not only are the
precursors characterized by diverse reactivities but also the constitu-
ent metals themselves possess distinct physicochemical properties,
such as bond energies, stacking-fault energies and chemical stabili-
ties, and may even crystallize in different phases®**. Controlling the
elemental compositions of high-entropy alloy nanocrystals requires a
synthetic approach that canbe universally applied to alarge number of
different metals. The dropwise addition method holds promise
for enabling the precise and controllable fabrication of a variety of
high-entropy alloy nanocrystals. The decoupling between the pre-
cursor reactivity and the steady-state reaction rate may save time
when optimizing the experimental variables required for tuning the
reactivity of each precursor.

In a preliminary exploration, the dropwise addition method has
been successfully applied to enable the synthesis of nanocrystals made
of a quaternary alloy (Fig. 4)**. To avoid any detrimental effect from
oxidative etching, four acetylacetonate (acac) complexes were chosen
as halide-free precursors of Ru, Rh, Pd and Pt, despite their large differ-
enceinreactivity (Fig. 4a). The use of Rh nanocubes as templates aided
inshapingthe alloy nanocrystals and thus controlling the surface facet.
Toreconcilethe varying reductionkinetics of these precursors, a care-
fully designed system for precursor introduction was implemented.
This system enabled the precursor mixture to be introduced into the
reactionsystemin the form of tiny droplets that contained only about
2.2 nmol of each metal per droplet. In this way, the reduction rates of
the different precursors were made equal after 1 h into the synthesis
(Fig.4b), facilitating the synthesis of Ru-Rh-Pd-Pt alloy nanocrystals
with a uniform composition towards the surface (Fig. 4c).

For dropwise synthesis, the reaction should be quenched imme-
diately following the addition of the last droplet by rapidly cooling
the reaction mixture to room temperature. If the reaction is allowed
to continue, the remaining precursors will revert to individual expo-
nential decays similar to the case of one-shot injection, affecting the
surface composition. Nevertheless, such animpact may be negligible
given that the precursors are at much lower concentrations than in
one-shot synthesis.

Outlook

Dropwise addition provides a robust route to the colloidal synthesis
of bi- and multi-metallic nanocrystals with uniform, controllable and
even predictable compositions that are determined by the reduction
rates of the corresponding precursors in the steady state. When con-
formally deposited on preformed seeds of various shapes as overlayers
with athickness of afew atomic layers, nanocrystals with well-defined
surface structures (inboth composition and atomic arrangement) will
be obtained. Such nanocrystals not only offer a class of well-controlled
materials toinvestigate the structure-property relationships but also
provide agreat opportunity to develop next-generation catalysts with
enhanced activity, selectivity and/or durability.

Itis worth emphasizing that our discussion about composition
control is primarily from the synthetic perspective. The difficulty
associated with the atomic characterization of an alloy nanocrys-
tal’'s composition makes it extremely challenging to elucidate the
structure-property relationships, particularly with regard to the
elemental distribution in these nanoscale materials. This Perspective
underscores the need forincreased researchinvestment from synthetic
chemists to gain mechanistic insights and experimental control over
the chemical processes that determine the compositions and elemental
distributions of nanocrystals. Inaddition, it calls for efforts to develop
advanced techniques for compositional analysis, which hold the key
to both rational and deterministic synthesis.
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